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ABSTRACT

The absorption by water vapor between 2800 and 4500 cm 1 nas been
investigated. Spectra have been obtained for samples at pressures
from 0.48 torr to 10 atm, and with absorber thicknesses varying from
8 x 10-4 to 0.7 gm cm- 2 . Transmission spectra are shown along with
extensive tables of transmittance, integrated absorptance, and the
integrated absorption coefficient. Results are presented for samples
chosen to provide information about the strengths, widths, and shapes
of many of the absorption lines. Tpe combined strength of the V1 and

bands has been found to be 281 x 10 cm" I and the

strength of the 3V' band is 3.5 t 0.7 x 103 cm gmI cm2 .Istrengt
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SECTION 1I
INTRODUCTION AND SUMMARYI

Nearly all the absorption by water vtpor in the 2800 - 4500 cm region
is fge to the v 3, vl, and 2v 2 bands. The origins of these bands for
1H20 , the most common isotope, are at: `3 , 3755.92 cm-l; 3I 657.08 cm-1

and 2',, 3151.60 cm" 1 . Their relative intensities are approximately

V3:1l1. 2 = 120:12:1. Besides th HO6 lines there are other isotopes
whose normal abundances are: H2 0, 1.207- H2 0.037%; and HDO, 0.027'.
Additional lines are also due to transitions in which the lower level is
vibrationally excited; but at atmospheric temperatures, the o:aiy level of
any significance is the lowest, v2 . The abundance of molecules in this
level is only about 0.04% as great as that in the ground stat,, at room
temperature; therefore, even its contribution is slight.

Several factors make it important to have a detailed und,!rstanding of the

absorption in this region: The absorption bands are sufficiently strong
that the H20 content can be measured spectroscopically by various types
of instruments such as high-altitude balloons or aircraft with the sun
serving as a radiation source. Good dettctors and sources exist and the
background emission by the earth and the reflected solar radiation are
relatively low. Thus, this region has several advantages for many types3 of communication systems.

Considerable work has been done previously on the absorption in this region
by Howard, Burch and Williams' and by Burch, France and Williams. From

i the results of these workers, it is possible to determine the average
transmittance for a wide variety of samples over a spectral interval greater
than approximately 10 cm"I wide, provided the satple is near room tempera-3 ture and the pressure is uniform. For many engineering purposes, thib is

1
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adequate; but, in order to account for variations in temperature, pressure,
and H20 concentration over the path, it is necessary to know strengths and
widths of the lives. Because of the relatively low spectral resolution used
in the previous work, the results are not adequate for the determination of
these basic line paiameters.

Gates, et al have celculat _ and tabulated strengths and widths of most of
the lines in this region; but these calculations were necessarily based on
limited data, some of which were not obtained for the purpose of providing
this information. 7"irthermcjre, all the factors involved in calculating
strengths and widths are not completely understood; therefore, the calculated
values should be checked and poszibl. cuzrections should be made.

The present investigation was undertaken for the purpose of supplying data
from which the basic line parameters could be determined as well as to pro-
vide spectra to aid in interpreting atmospheric spectra. Information about
the differences in the shapes and widths of self-broadened and N -broadened
lines was also obtained; the results of this phase of the investigation
appear in Section 3.

Spectra of more than 20 different samples in the 3847 - 3860 cmI and
3895 - 3932 cm" 1 are shown in Section 4, along with tables of transmittance
and integrated absorptance. These regions were chosen since they are par-
ticularly good for interpreting atmospheric spectra. They are relatively
free of absorptio- lines of other atmospheric gases and the H 0 lines cover
a wide range of strengths. The lower wavenumber region contains a few very
strong lines, iik,-.ng it convenient for comparison with samples containing
very little 420' such as thv path between the sun and a very high balloon.
The 3895 - ý932 ý.m"I region contains several reasonably well isolated lines
which are much weaker, making it useful for the comparison of larger samples,
such as the path traversed by solar radiation to a balloon or aircraft at
lower altitude. The higher wavenumber region also contains a relatively
clear window about 8 cm- 1 wide; careful investigation of this window could
be useful in placing the zero absorptance curve on a solar spectrum.

Spectra of a few samples at 5 and 10 atm are shown in Section 5. Strengths
of many of the lines can be obtained easily from these spectra, and the
accompanying tables of - ý fAvT(v)dv, where T(V) is the transmittance and
u is the absorber thickneWs in gm/cm2 .

Section 6 contains spectra of some large samples showing many very weak lines.
Also included are spectra of some samples at low pressure which are useful
for determining half-widths uf many of the lines. Sections 4, 5 and 6 also
contain tabies of transmitance T(v) versus v and integrated absorptance
fA(v)dv versus v, where the values are calculated from the spectra shown.

1-2
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SECTION 2

II EXPERIMENTAL

II

Sm Samples of H20 and H2 0 mixed with non-absorbing broadening gases were
contained i• two different absorption cells which have been described
previously. The longer cell has a base length of approximately 30 meters
and was used at path lengths from 121 to 933 meters. It is approximately
0.9 meters in diameter and can be evacuated to less than I micron of HgII or pressurized to as much as 2.5 atm. The shorter cell has a base length
of approximately 1 meter and was used for paths between 2.10 and 32.9

i i meters. It can be ?vacuated or pressurized to as much as 15 atm.

Sample pressures less than approximately 0.06 atm were measured with a
U-tube oil manometer, and those in the range 0.06 < P < 2 atm with a
U-tube Hg manometer. All pressures > 2 atm were measured with a bourdon-
type gauge.

Gases were handled by the use of a manifold system attached to the absorp-I tion cells. N2 and other broadening gases were obtained from commercial
cylinders. Liquid H20 was put in a metal container and 'pumped on" for a
few minutes to reduce the amount of dissolved gases before it was allowedlI Lo "boil" into the previously evacuated absorption cell. The liquid was
usually heated in order to rcduce the filling time.

A few samples were studied with the absorption cell heated several degrees
II above ambient in order to increase the partial pressure of H 0 without

condensation. When measuring pressures of the samples in which p was3I greater than the vapor pressure at room temperature, the sample gas was

II
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confined to the absorption cell and a small part of the maaifold system
which could be heated. The heated part of the system included a small

U-tube containing vacuum pump oil. One leg of the tube was connected to
the sample gas and the other to the part of the system including the pres-
sure gauges. The pressure- in the latter part was adjusted until the heights
of the oil in both legs of the U-tube were the same. The pressure indicated
by the gauges was then the sample pressure.

The absorber thickness u of H2 0 was calculated for each sample at room
temperature from the following equation.

u(gm/cm2) = 9.75 x 10-7 p(torr) L(cm), or (2-1)

= 7.41 x 10-4 p(atm) L(cm); (gm/cm2  = precipitable cm)

L is the path length in cm and p is the partial pressure of H 0. The
coefficient can be calculated on the basis of the perfect gas law. The
above equation is valid for room temperature, 2960 K, but it must be
multiplied by 296/ 0 °K for other temperatures.

Two factors make it more difficult to work with samples containing H2 0
than most other gases which occur in the atmosphere. The first is the
relatively low H20 partial pressures to which the worker is limited
because of the low vapor pressure near room temperature. The second
difficulty arises from the adsorption of H20 on the walls of any con-
tainer, particularly the absorption cell. Adsorption makes sampling
of H20 vapor difficult since the amount may be great and is dependent
upon the nature of the surface and the temperature. Furthermore, the
adsorption or the desorption process may require several hours to come
to equilibrium. This produces uncertainties in the determination of
the amount of H2 0 vapor in the optical path of an absorption cell since
the amount may change considerably during the course of a set of
measurements.

As a typical example, in working with our large absorpLion cell we
might calculate the amount of liquid H20 which would be required to
produce a partial pressure of 15 torr if it all appeared as vapor.
If this amount were then put into the absorption cell after it had
been evacuated, the partial pressure in the cell would be approximately
11 torr instead of the calculated value of 15 torr. Thus, we conclude
that more than 25% of the H20 admitted to the cell adsorbed on the walls
during the filling process which required approximately 20 minutes.
If the sample were illowed to remain for an hour, the pressure would have
dropped to approximately 10 Eorr; twenty-four hours later it might be
as low as 9 torr. Thus, we see that a lot of adsorption takes place
within a few minutes, but considerable time is required for the sample
to come to equilibrium.
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As another example, if the cell were allowed to remain with 10 torr H20
in it for several hours, then pumped to a pressure of 5 torr and all the
valves closed, the pressure would irLcrease to as much as 6 torr within an
hour. Several more hours would be required for the pressure to become
stable.

IIWe see that as much as 30 to 50% of a sample put in the large absorption
cell may be adsorbed on the walls. Therefore, fluctuations in this amount
might cause serious errors in the determination of u. The percentage of
the sample adsorbed on the walls of the shorter absorption cell has not
been measured. Its surface-to-volume ratio is considerably greater, but
the walls were honed in order to reduce the effective surface, and thus

fj the amount of adsorption.

The partial pressure p, and thus the absorber thickness u, can be determined

accurately for pure H20 samples since p can be meabured directly. But be-
cause of the large fluctuation in p which may occur after a sample of
H2 0 + N2 has been introduced to the cell, the determination of the absorber
thickness of such a sample is much more difficult. It is not safe toII assume that p remains constant after adding N2 ; therefore, p was monitored
by the use of a dew-point meter installed inside the absorption cell. The
apparatus contained a Peltier cooler which cooled a flat polished surface
approximately 0.5 cm in diameter which was illuminated by a small bulb.
Condensation of H20 on the polished surface was detecteo by the use of a
small photocell. When the polished surface was dry, very little light was
reflected to the photocell; but as condensation starLed, the thin film of
H20 scattered light to it. The temperature at which condensation started
was measured by a small thermocouple fastened to the surface on which the
condensation occurred. After a sample had remaided in the absorption cell
sufficiently long for it to reach equilibrium, repeated measurements of
the dew point were consistent to less than t 0.1 0 C.

In order to make a mixture of H 0 + N the absorption cell was first
evacuated and pure H20 was addei. N2 was not added until the H20 partial
pressure was essentially in equilibrium. The amount of time required to
approach equilibrium could be greatly reduced by first introducing more
H2 0 than would be required. This was allowed to remain in the cell for
several minutes, then part of it was pumped out to give the desired pressure.
After gaining some experience, we were able to obtain H2 0 partial pressures
to within two or three percent of their equilibrium value within a period

of one or two hours.

Immediately before the N2 was added, the pressure was measured and a dew
point reading was made. N2 was then slowly added to the absorption cell
with the sample being mixed constantly by a small fan mounted inside the

cell. While scanning the spectra, dew-point readings were periodically
taken to monitor p. The dew-point reading of the pure H2 0 sample whose
pressure could be measured accurately served as a calibration for the dew

2
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point apparatus. Thus, it was not necessary to rely upon the temperature
calibration of the thermocouple or upon published values of vapor pressure
at different temperatures. However, our dew-point readings for pure sam-
ples were always within a few tenths of a degree of the accepted values.
Since p was allowed to approach equilibrium before the N2 was added, the
dew-point readings after the addition of N2 were very nearly the same as
those before. Thus, the dew-point apparatus served only as a monitor, and
we were not dependent upon its absolute accuracy.

We investigated the possibility of the dew-point apparatus giving a differ-
ent reading for the same p at different values of total pressure P. It was
apparent that more heat was absorbed by the cooler at higher pressures
since more current was required to cool it to a given temperature. If the
heat flow caused a temperature gradient between the point at which the
condensation occurred and the point at which the temperature was being
measured, we would expect the temperature gradient to increase with in-
creasing pressure. If this were true, one would then expect that the dew-
point reading for a given p would depend upon P. In order to minimize
this effect, we adjusted the apparatus so that the spot at which conden-
sation was being observed was within two or three millimeters of the
thermocouple used to measure the tewperature. The surface joining these
two points was made of a copper alloy with good heat conductivity so that
the temperature gradient should be minimized. The leads to the thermocouple
were made of fine wire to reduce the heat flow through them.

In order to check the possibility of such a systematic error, we introduced
a sample of H20 into the cell and waited until we were sure it had reached
its equilibrium pressure. High-purity N2 was then added very slowly to
the cell with the gases being mixed constantly. The dew-point was measured
at various pressures up to 10 atm. We repeated this procedure two or three
times and did not detect any differe:.ice in the dew-point reading as the
pressure was increased. Thus it seems safe to assume that our dew-point
readings were not dependent on P.

In a previous model of our dew-point apparatus, there was a thin disk of
germanium between the thermocouple and the surface on which the condensation
occurred. With this unit there was apparently sufficient heat flow through
the germanium with the cell at high pressures that the ddw-point reading
changed with increasing pressure. For this reason, this first model was
modified. The germanium disk was originally tried because it could be
polished to provide a very smooth surface which scattered very little
light onto the photocell unless a film of H2 0 was present. Germanium
was used instead of Flass or some other substance which could be highly
polished because of iL. high conductivity. The copper alloy surface
scatters more light but the contrast in light between dry and wet is
still good.

2-4
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When possiblelp was maintained between approximately 4 and 12 torr when
operating near room temperature. The lower limit was determined by the
smallest value at which dew-point readings could give accurate measure-
ments of p. Values of p greater than about 12 or 15 torr were avoided
in order to eliminate the possibility of condensation if some of the1 H2 0 were crowded to one portion of the absorption cell as the N2 was
being added. If this occurred and the vapor pressure of H20 were exceeded,
part of the H 20 might condense on the walls of the cell, and considerable
time would be required before it evaporated and equilibrium was obtained.
The absorber thickness was varied by changing the number of passes of thelight through the cell.

S+
Values of u are probably accurate to better than + 4 or 5% for m~ost of
the samples included in this investigation. In geLieral, the greater the

value of p the better the accuracy.I
2.2 TEST FOR EFFECT OF H20 ADSORBED ON SURFACES OF MIRRORS

I From the above discussion, we can calculate that the amount of H2 0
adsorbed on the walls of the large absorption cell corresponds to a
thickness of approximately I micron of liquid when the cell contains
10 torr of H20 vapor. Since this much is adsorbed on the walls, we
might expect some to be adsorbed on the surface of the mirrors in the
multiple-pass optics. The objective of the experiment summarized here
was to determine if any systematic errors in the absorption measurements
might arise from absorption by H2 0 adsorbed on the mirrors.

Since the mirror surfaces are much smoother than the walls of the cell,
we would expect the surface density of H20 to be considerably less on
the mirrors, but even very small amounts might cause considerable error

in some spectral regions, depending upon the absorption characteristics
of the film of adsorbed H20. For example, if the film absorbed radiation
as if it were liquid water, a layer 1 micron thick would reduce the
intensity at 3 microns by about one-half. 5  If the film behaved as a
gas, its effect would be much less obvious since the absorption coeffi-
cient of vapor is less.

We assembled an optical system inside of a tank which could be evacuated
and filled with H20 or air to any desired pressure as long as the vapor
pressure of H20 was not exceeded. Light from a Nernst glower was
directed through one of two optical paths within the absorption cell,
out through a window and was focused on the entrance slit of a small
grating spectrometer mounted in a vacuum tank. In one & he alternate
paths, which we will call path A, the radiation traverse Bhe cell with
a path length of approximately 2-1/2 meters through the sample. Path A
contained four reflecting surfaces from front surface aluminized mirrors.
Path B had exactly the same path length through the vapor; but thert were

2
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40 mirror reflections in this path. It was possible to change from one
light path to the other in a few seconds by rotating one of the mirrors
with a screw assembly which was turned from outside the tank by a rotating
seal.

Since the distance traversed through the vapor was exactly the same for
both paths, any difference in the spectra would be due to the effect of
the 36 extra reflections in path B compared to that in path A. Background
curves were obtained through both paths with the cell evacuated so we
could account for the reflection characteristics of "dry" mirrors.

Spectra of several different samples were obtained through the region
from about 3100 cm-r to 4000 cm-1 . The spectra were examined carefully
in the region near 3850 cm" 1 where there are very strong H120 lines and
near 3300 cm" 1 where there is a maximum in the absorption coefficient of
liquid H20.

After accounting for the difference in the backgrounds of paths A and B,
we were not able to see any significant difference between two spectra
obtained through the two different paths for the same gas sample. There-
fore, any possible absorption by 36 films of H120 on the mirror surfaces
is much smaller than that by 2-1/2 meters of vapor. Thus, it seems safe
to conclude that any possible absorption due to H 0 adsorbed on the surfaces
of the mirrors of a multiple-pass cell is negligigle if the distance the
radiation travels through the gas is as great as 6 or 7 cm per reflection
from each mirror surface. It is quite possible that the minimum distance
per reflection is considerably less. Of course, it should be recalled
that these measurements were obtained at room temperature; and it is pos-
sible that there is a significant effect at lower temperatures since
adsorption is known to increase with decreasing temperature.

Of course, this result has application in other optical systems besides
multiple-pass absorption cells. It applies to any optical system in which
mirror surfaces are exposed to air.

2.3 RECORDING AND CALIBRATION OF SPECTRA

The spectra were obtained with an Ebert-type spectrometer whose main mirror
has a 75 cm focal length. It utilized a small grating having a ruled area
64 x 64 mm with 300 lines/rn and blazed at 3.2 microns. The grating was
used ir the first order and a Ge filter eliminated overlapping orders of
wavelengths less than 1.8 a. Thus, this system was limited to \ < 3.6 4
(v > 2800 cm'l), since second order radiation of X > 1.8 g would be
present when operating at longer wavelengths. A Nernst glower was used
as a radiation source, and a PbS cell cooled with liquid nitrogen served
as the detector.

2-6
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The spectrometer is "home made" and was contained in a tank which could
be evacuated to essentially eliminate absorption due to atmospheric gasesI: outside the absorption cell. The spectrometer tank, as well as another
vacuum tank containing the radiation source and chopper, were connected

L1 to the absorption cell by means of flexible bellows.

Approximately the same resolution schedule was used in recording all the
spectra: the approximate spectral slitwidths at five different wave-
numbers are given in Table 2-1.

IiTABLE 2-1
SPECTRAL SLITWIDTHS

Wavenuinber Spectral
avn eSlitwidth

(cm-l (cm- 1 )

2800 0.40

3200 0.46

3600 0.56

4000 0.67

1 4400 0.80

Background curves were obtained with the absorption cell evacuated for each
number of passes for which sample spectra were scanned. The background
curves were different for different numbers of passes since the reflectivity
of the mirrors in the multiple-pass optics varies with wavenwuber. The
appropriate backgrour. curve, which represents 100 percent transmittance,
was then fitted to each spectrum and traced on it. The transmittance was
determined from the ratio of the deflection of the sample spectrum to that
of the background curve at the same wavenumber.

Each spectrum was examined and compared with others for consistency.
Small changes were occasionally made to account for "drift" or spurious
deflections which were not reproducible. A few of the spectra on which
there was considerable noise were scanned two or three times and a&smoothed"average" spectrum was used.

The spectra of samples contained in the shorter absorption cell (L < 32.9 meters)

were digitized while they were being scanned. Pairs of values, one-related
to transmittance and the other to wavenumber, were punched on IBM cards which
served as input for a computer program used to calculate transmittance, inte-
grated absorptance, and integrated absorption coefficient as a function of

2-7
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wavenumber. Copies of portions of the program output are included in
Sections 4, 5 and 6. Spectra of samples contained in the longer absorp-
tion cell (L > 121 meters) were scanned before the digitizing apparatus
was obtained. They were replotted and digitized by use of the apparatus
described in Appendix C of Reference 4.

The positions of most of the absorption lines observed in the present
investigation have been measured or calculated previously1 ' 6' 7 . More
than 200 of them were used for wavenumber calibration of the spectra;
those used are listed in Table 2-2. The calibrated points are sufficiently
close that the spectra are linear in wavenumber between them.

2-8



TABLE 2-2

CALIBRATION TABLE

Line Line V Line V Line V-I-1 -1 -
No. cm- No. cm No. cm No. cm

380 2801.51D 413 3004.65 446 3169.58 479 3322.99
381 2809.34D 414 3010.23 447 3178.13 480 3329.66
382 2814.99D 415 3012.52 448 3185.21 481 3334.64
383 2819.48H 416 3015.56 449 3196.10 482 3336.71
384 2821.85D 417 3022.35 450 3199.73 483 3340.22
385 2830.02H 41C 3025.78 451 3209.75 484 3345.96
386 2835.03D 419 3030.72 452 3214.14 485 3351.24
387 2841.54D 420 3031.74 453 3219.39 486 3357.00
388 2845.24D 421 3035.79 454 3222.02 487 3361.68
389 2850.92D 422 3048.95 455 3227.47 488 3364.31
390 2858.87D 423 3056.38 456 3229.91 489 3367.62
391 2871.46H 424 3059.93 457 3213.00 490 3370.98
392 2879.82H 425 3064.40 458 3236.67 491 3374.69
393 2890.15H 426 3067.01 459 3240.09 492 3380.41
394 2893.82H 427 3077.93 460 3244.96 493 3383.07
395 2901.82H 428 3079.69 461 3254.15 494 3385.69
396 2906.72H 429 3082.60 462 3257.23 495 3392.90
397 2912.13H 430 3087.18 463 3260.44 496 3397.21
398 2930.10H 431 3093.69 464 3265.09 497 3403.49
399 2935.23 432 3096.90 465 3270.48 498 3408.83
400 2954.17 433 3101.16 466 3273.60 499 3413.09
401 2955.61 434 3103.02 467 3276.40 500 3420.49
402 2961.53 435 3107.32 468 3280.06 501 3423.24
403 2966.00 436 3109.74 469 3282.94 502 3427.93
404 2973.25 437 3114.47 470 3288.47 503 34A1.06
405 2975.10 438 3115.87 471 3291.35 504 3442.52
406 2977.96 439 31M8.12 472 3294.18 505 3447.25
407 2980.35 440 3121,66 473 3297.49 506 3455.79
408 2984.20 441 3126.80 474 3303.25 507 3458.70
409 2987.49 442 3133.05 475 3308.80 508 3462.70
410 2991.93 443 3142.79 476 331G.50 509 3466.87
411 2993.68 444 3151.34 477 3313.27 510 3475.01
412 2995.38 445 3167.92 478 3317.26 511 3480.71

D, HThe 'ines marked with D ald H are !DO and H20. respectively.

taken from jigeotte et at . The remainder were ibtaincd from
Gates et at
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TABLE 2-2

CALIBRATION TABLE (Cont.)

Line v Line v Line v Line v-
No. cm No. cm No. cm No. cm

512 3482.24 545 3607.03 578 3779.50 611 3975.00
513 3488.20 546 3612.55 579 3784.56 612 3982.18
514 3491.13 547 3519.64 580 3789.33 613 3995.03
515 3495.16 548 3626.24 581 3796.43 614 4008.59
516 3496.63 549 3630.71 582 3801.43 615 4019.99
517 3501.54 550 3633.86 583 3806.91 616 4025.39
518 3503.28 551 3638.09 584 3816.07 617 4044.92
519 3504.74 552 3642.57 585 3821.79 618 4060.40
520 3509.57 553 3649.27 586 3826.74 619 4073.87
521 3511.59 554 3652.93 587 3831.67 620 4079.42
522 3517.40 555 3656.35 588 3835.02 621 4088.16
523 3518.99 556 3659.94 589 3837.85 622 4106.04
524 3522.73 557 3668.79 590 3843.78 623 4133.70
525 3525.60 558 3674.97 591 3852.07 624 4138.79
526 3527.05 559 3679.44 592 3857.28 625 4149.49
527 3529.07 560 3684.55 593 3861.80 626 4159.25
528 3530.75 561 3688.45 594 3865.12 627 4172.36
52) 3536.24 562 3696.34 595 3870.12 628 4181.44
530 3542.90 563 3701.75 596 3874.42 629 4191.32
531 3543.63 564 370).42 597 3880.20 630 4204.77
532 3545.21 565 3712.20 598 3885.68 631 4216.44
533 3548.34 566 3718.97 599 3891.32 632 4230.15
534 3552.21 567 3722.19 600 3901.91 633 4239.95
535 3557.14 568 3726.62 601 3906.05 634 4250.91
536 3560.14 569 3732.13 602 3917.23 635 4264.36
537 3563.61 570 3736.69 603 3920.06 636 4275.56
538 3570.50 571 3741.06 604 3925.26 637 4294.58
539 3574.47 572 3747.41 605 3930.60 638 4306.69
540 3579.33 573 3752.21 606 3934.09 639 4329.75
541 3563.60 574 3756.61 607 3942.70 640 4356.13
542 3588.75 575 3759.79 608 3950.00 641 4407.50
543 3595.35 576 3765.79 609 3956.85 642 4493.93
544 3600.98 577 3769.80 610 3969.14 643 4512.54
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I SECTION 3

SHAPES OF SELF-BROADENED AND N2 BROADENED ABSORPTION LINES

I
The absorption coefficient k(v) of a single absorption line is given by

I k(%) = S f(v), (3-1)

where S is the strength of the line and is constant at a given temperature.j The shape function f(v) is normalized so that

f f (v)dv 1 32I
For a Lorentz line,

f (V) or
WL 0. .2 2

I •) (3-3)
SkL (v) S71(v-• 0 ) 2  2

j is the half-width %nd v is the line center.

At temperatures and pressures usually encountered in studies of atmospheric
transmission, the shapes of absorption lines are determined by collision
broadening, or pressure broadening, whichever term is preferred. Only at
pressures less than a few hundredths of an atm, or at elevated temperatures,
is Doppler broadening important. A wide variety of absorption data obtained
tinder quite different conditions and at different wavenumbers indicate that
the shape of collision-broadened lines is given approximately1 but not ex-
actly, by the Lorentz equation for v - v less than a few cm-'.
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It is not possible to determine directly the true shape of infrared absorp-
tion lines because of the finite slitwidth of spectrometers used in making
the measurements. The half-width of an absorption line at STP is of the
order of 0.1 cm 1 , which is approximately the same as the best resolution
obtainable. The modification of a spectrum due to the spectral slitwirth
is greatest near the line center where k(,) changes fastest, and the infor-
mation obtainable from measurements farther from the line centers is limited
by overlapping of adjacent lines. For a very good discussion of line shape
measurement and the method for accounting for spectrometer slitwidth, the
reader is rew.erred to an article by Benedict, Herman, Moore and Silverman. 8

In the microwave region, very good resolution is possible and direct
measurements cf line shape can be made. However, there are only limited
data available and their applicability to the infrared is doubtful. Micro-
wave studies have 3hown that line width is proportional to the pressure of
a gas of constant composition and that k(vo), the absorption coefficient at
the line center, is inversely proportional to pressure as predicted by the
Lorentz equation.

The curve uf growth of a single infrared absorption line is usually a
function of the shape within I or 2 cm"I of the center. Such curves show
a dependence on pressure and absorber thickness which is similar to that
expected for the Lorentz shape; but they, of course, do not prove that the
lir.eE are exactly Lorentzian. Measurements a few cm" 1 from the line centers
of various gases indicate deviations from this shape; some are stronger
(super-Lorentzian) and some weaker (sub-Lorentzian). Results of two inves-
tigations, one by Winters, Silverman and Benedict 9 and one by us,'0 indicate
that the extreme wings of CO, lines, 10-200 cm"1 from the centers, may be
sub-Lorentzian by as much as a factor of 10 to 1000.

On the basis of the information on line shapes summarized above, it seems
logical, to express the shape by the Lorentz equation times a correction
function F, as follows:

f(v) = f(v) F = 1-F (3-4)
L (V-v) 2  2

Certain characteristics of F might be expected for H20 lines since they
occur for other gases. From curve of growth data, we expect that F'Y= 1
for v - v less than 1 or 2 cm' 1 ; but the measurements in the extreme
wings indicate that F << 1 for very rge v - vo, at least for CO. The
CO2 absorption coefficient was foundU to be proportional to pressure in
the extreme wings; thus, if we assume a is proportional to pressure, F
must be independent of a, for v - v0 >> a. However, our results1 0  tend
to show that F is a function of a as well as v - v when v - v is the
same order of magnitude as a.

3-2
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1

The expression for the half-width of a collision-broadened line as piven by
kinetic theory is

I E N. (DaZ 'je (;a (3-5)

where NA is the number of molecules of the Atth type per unit volume,

D is the sum of the optical collision diameters of the absorbing mole-
cuIe and a molecule of the 2th type, ma is the mass of the absorbing
molecule and mi is the mass of the molecule of the 4th type. a is the
temperature and 4 is Boltzmann's constant.

For a sample of H20 + N2 at constant temperature, a can be expressed by an
equation of the following form,

Q_ = C p + . (3-6)a C2 N2

Pressures of H 0 and N2 are denoted by p and pN 2 respectively; C and
CN are constants.

In the earth's atmosphere, most of t e broadening of H20 lines arises from
collisions with N, which constitutes approximately 80% of the air. It is,
therefore, desirable to relate a of a mixture to an equivalent pressure P3 defined so that Pe -pN2 for a very dilute mixture (p << p )N Thus

C = CN Pe" (3-7)

P for an H20 + N2 mixture is then given by

:P e= Bp 4 pN2 = P 4 (B-l) p, (3-8)

3e

where P is the total pressure and the self-broadening coefficient
B C a/C N2, the ratio of the self-broadening ability to the N2 broadening

ability.

The purpose of the investigation described in this section was to determine
a reliable value of B, or a function relating B to other experimental para-
meters, and to see if the correction function F for self-broadened lines is
significantly different from that for N2 -broadened lines.

A typical set of measurements were carried out as follows:

A spectrum was scanned through the region from approximately
3842-3860 cm" 1 for a sample of pure H20 at a pressure of 15.4
torr and a path length of 416 cm. A tracing of this spectrum

I
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is shown as Curve Al in Figure 3-1. The multiple-pass cell
was then evacuated and adjusted for a path length of 1648 cm;
H 0 vapor was then added to a partial pressure of 3.9 torr.
giving the same value of u as in the Sample Al. A spectrum
of the pure H2 0 at a pressure of 3.9 torr would, of course,
show considerably less absorption than that of Sample Al
because of the lower pressure. N2 was added to the sample
and spectra were scanned at total pressures of 40, 60 and
71 torr. Only the portions of these spectra near the maxima
and minima of absorptance are shown since the small separation
between them and Al is difficult to illustrate in the other
regions. The increase in absorptance with increasing pressure
is noted. Although neither A2, A3 or A4 is exactly coincident
with Al, they are sufficiently close that we can interpolate
or extrapolate to determine the total pressure which would be
required of the H20 + N2 mixture to match spectrum Al at any
given wavenumber. We define this to be the matching pressure.

We see from A2, A3 and A4 that the absorptance increases with increasing
pressure at the line centers near 3844, 3850, 3852 and 3857 cm" 1 . At
first, this may seem to be opposite of what we would expect on the basis
of Equation(3-3)where f decreases with increasing a at v = v . The
increase in A(v) which we observe is a result of the finite s~itwidth
of the spectrometer which averages over a small interval. Although k(v)
decreases with increasing a for v - vo < a it increases for v - v > a.
When the slitwidth of the spectrometer is a few times greater than a.
the increase in k(v) for v - vo > a causes A(v) to increase more than the
decrease in k(v) for smaller v - v causes it to decrease. The net result
is that A(v) increases with increasing oe. When the spectral slitwidth is
less than a, or when A(v) is small, the expected decrease in A(v) with
increasing pressure can be observed.

The absorptance observed with a spectrometer having slit function J is
a function of Af , u and f(v). .9 and u are the same for Al to A4; there-
fore, any difference in the spectra is due to a difference in f(v). At
the absorptance maximum near 3857 cmn1 A3 is essentially coincident with
Al; thus, we conclude that f(v), or at least its average over the narrow
region of coincidence, is the same for the corresponding samples. Now,
if we assume that the central portion of this line has the Lorentz shape
(F = 1), we conclude that the half-width of this line, and thus Pe. is
the same for Al as for A3. By substituting the pressures in the two
samples in Equation(3-81 we arrive at

B 15.4 = B 3.9 + (60 - 3.9),
(3-8a)

or B = 4.9.
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It is apparent from the spectra that the matching pressure varies from
one wavenumber to another; thus a matching of f(v) at one wavenumber does
not correspond to matching at another. Since we do not know values of

w, we cannot determine if the failure to match at the same pressures is
a result of different c's or different F's, or both. At any wavenumber,
we can find a matching pressure, which means that P e is the same for both
samples at that wavenumber. We can then find a value of B by substituting
the pressures in Equation (3-8).This value of B is not simply a ratio of
half-widths as given in the simplified derivation of Equation (3-8), but it
may also include differences in the correction function F.

B was calculated at several different wavenumbers from spectra Al to A4;
the calculated values are represented in the lower portion of the figure
by the x's. Most of the absorption in the regions of minimum absorptance
is due to the wings of the neighboring lines and is so small for the
Samples Al to A4 that reliable values of B could not be determined. There-
fore, spectra Dl, D2 and D3 were obtained for samples having considerably
larger p and u. The temperature was increased to permit the usage of
larger p without condensation. The values of B calculated from these
spectra are indicated by o's at four different wavenumbers in the lower
portion of the figure. The other symbols represent two other sets o'
samples of intermediate u and p. We see that all of the calculated values
of B occur between 4 and 6, with most of them between 4.5 and 5.5 At any
given waventunber, there is less than - 10% difference in the values; this
much could be attributed to experimental error.

If, as an example, F were tire same near the line centers for self-broadened
lines as for N2 -broadened lines but was greater in the wings of self-
broadened lines), B would be greater in the regions between lines than
near the centers. No correlation is apparent between the values of B
and locations of the points relative to line centers, indicating that
there is certainly not a great difference between a self-broadened line
and an N2 -broadened line between about 0.2 and 2 cm-" from the centers.
We will see belou that this is not the case for CO2 lines.

These data provide essentially no informatin about the relative shapes
for v - v greater than approximately 2 cm'- since nearly all the absorp-
tion at any point in the interval shown is due to lines whose centers are
within this distance. Also, we cannot learn much about the region within
0.2 or 0.3 cm' 1 from the center because of the averaging by the finite
slitwidth.

It is important to consider some of the possible sources of error in these
measurements. Besides the usual problems of noise, placement of the back-
ground curve, etc., the results are subject to systematic errors if the
absorber Lhickness u is not the same in both samples being compared. For
example, if u in Samples A2, A3 and A4 were slightly less than that in
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Sample Al, the matching pressure would be increased. Furtlhermore, the
matching pressure would be different at different wavenumnbers, even if
the shapes f(v) were the same for both types of lines, si-ce increasing
the pressure has a different effect in the wings of the lines than near
the centers. For example, a two percent error in u would probably result
in only a 3 or 4% error in B at a point where most of the absorption is
due to the wings of lines. This is true because k(v) is proportional to

pressure in the wings, causing the absorptance to be equally dependent on
u and Pe. However, under many conditions, the absorptance observed near
the center of the line is more strongly dependent on u than on Pe; in fact,
as pointed out above, the absorptance might even decrease with increasing
Pe. Therefore, a two percent error in matching u could result in a con-
siderably larger error in the value of B neat the line center.

We also obtained spectra over two other short intervals at slightly higher
wavenumbers. The calculated values of B also oczurred between 4 and 6 with
no apparent correlation with distance from line centers.

Two similar sets of measurements were also made with He as the broadening
gas instead of N2 . The broadenirg ability nf He was found to be only
about 1/5 to 1/4 as great as that of N2 and, again, there was no correla-
tion between broadening ability and distarnce from the nearest line centers.
Helium was chosen since we have fou~id in another investigation10 that the

distant wings of He-broadened CO2 lines are much weaker than self-broadened
lines having the same half-viidth. Thus, it seemed appropriate to see if
such a phenomenon also existed for Fe-broadenLd H20 lines. Of course, the
present results do not previde any information about the relative shapes
for v - v0 greater than about 2 cm'l; but they do indicate that there is
not an appreciable difference between He-broadened and self-broadened H20
lines for smaller v - v0.

Our results do not rule out the possibility of small variations in B from
one line to another; in fact, there are indications of small variations.
But, because of the uncertainties in the measurements, differences of only

a few percent cannot be observed. However, in the spectral regions covered
I any possible differences in B between lines is probably less than ± 20%.

It is interesting to compare the results shown in Figure 3-1 with those
of a similar set of measurements of CO2 absorption shown in Figure 3-2.
Since the problem of adsorption by CO on the walls of the absorption
cell is much less serious than for H28, it is possible to measure CO2
samples more accurately; thus, the reproducibility of the data is better.
We see from Figure 3-2 that there is a definite correlation between the
matching pressure and the positions relative to the centers of the absorp-
tion lines. We obtain a matching pressure of 46 torr, which corresponds
to B 7 1.2 near thc line centers; but this increases to approximately 1.3
in the regions midway between the lines which are only approximately
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A 40.0 40.0 4.16
1 10.1 40.0 16.5

C 10.1 46.0 16.5

D 10.1 49.2 16.5
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FIG. 3-2 SPECTRA SHOWING COMPARISON OF SELF-BROADENED AND N2 -BROADENED
CO2 LINES.

The pressure of the CO2 2 N mixture that is required to match
the pure CO sample is seen to be greater between the lines than
near the lile centers. Such a correlation between matching
pressure and distance from the line centers was not observed for
H20 lines in Fig. 3-I.
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I
0.7 cm- 1 away. The spectral region shown in Figure 3-2 was chosen becauseI it is relatively free of weaker CO2 lines arising from transitions from
excited states. Therefore, most of the absorption at the points midway
between the lines which are apparent is actually due to the wings of the
stronger lines and not due to much weaker lines not resolved in the spectra.
Similar differences between B near the line centers and in the wings has
also been observed with larger samples and in other parts of the spectrum,

I including the 3v 3 band near 1.4 4.

On the basis of the results shown in Figure 3-2 we conclude that, unlike
H 20 lines, there is a significant difference in the shapes of self-broadened
and N2 -broadened CO2 lines as close in as a few tenths of a cm" 1 from the
line centers. We cannot conclude whether either of these lines has the
Lorentz shape, but it is certain that both do not.

A few years ago we carried out a similar set of measurements in order to
determine self-broadening coefficients for CO2 and H20. These measurements
were made with considerably lower resolution so that it was not possible'I to observe the regions between individual absorption lines. Therefore,
the values of B represented averages over several lines. They appeared to
depend somewhat on the position within a band and to a lesser extent upon
the pressure and absorber thickness used in the measurements. The values
for CO2 varied between approximately 1.2 and 1.4; so we used 1.3 as an
average in the analysis of the data. These results are consistent with
the present ones, since in the earlier measurements made with lower reso-
lution, the samples were chosen to provide absorptance sufficiently large
that it could be measured with good accuracy. Therefore, regions near the
line centers were probably opaque and all of the growth caused by increas-
ing the pressure occurred in the regions between the lines; the effective
value of B would then be that corresponding to the wings of the lines.

In regions between lines which are farther apart, it is possible that B
would be larger than 1.3, and even as large as 1.4. Similarly, an effec-
tive value as small as 1.2 might be appropriate for regions where the lines
are close together. It is also possible that there is a small dependence
of B on J-value; but the consistency of our results indicates the variation
is not more than a few percent.

In the earlier work, we also obtained an effective value of B = 5 for H 0
self-broadening for the bands near the 1.9 and 2.7 V from measurements
made with lower resolution. This result is also in good agreement with
those shown in Figure 3-1.U 12
Palmer has published some H20 data which provide information about

self-broadening and N2 -broadening in the 200-600 cm"' region. PalmeI's
spectra were obtained with a spectral slitwidth between 4 and 10 cm
which is sufficiently wide to include several absorption lines. Benedict12

I
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suggested an empirical equation based on Palmer's data which relates an
effective self-broadening coefficient to the transmittance T(v). Written
in our notation, it becomes

B = 11 - 5 T(v) = 6 - 5 A(v). (3-q)

The need for an equation relating B to T(v) was attributed to differences
in the shapes of self-broadened and N2 -broadened lines; the relative
strengths of the wings of the self-broadened lines being greater. When
A(v) is small, most of the absorption occurs near the line centers; but
as A(v) approaches unity, the regions near the line centers are opaque
and most of the growth occurs in the wings. Therefore, the value of B
used for small absorptance should correspond to that near the centers of
individual lines, atid the value used for large absorptance to wings of
the lines.

We see that Palmer's results are quite different from ours. The minimum
value (6) of B in Equation (3-9) is larger than any observed by us.
Furthermore, we could see no significant difference between the line
centers and the wings; but Palmer's data indicates almost a doubling of
B. It does not seem probable that such a great difference between the
two sets of results could be due to experimental error. Thus, it appears
that there is a greater difference between self-broadened and N2 -broadened
H20 lines at the lower wavenumbers studied by Palmer than at higher
wavenumbers.

Bignell, Saiedy and Sheppard13 have also attempted to determine the ratio
between self-broadening and N2 -broadening in the region from approximately
800 to 1200 cm-1 . Their measurements were made on the absorption of radia-
tion from the sun by H20 in the earth's atmosphere. They accounted for
the very weak H20 lines which occur in this region and determined a con-
tinuum absorption due to the extreme wings of the very strong H20 lines
at higher and lowLr wavenumbers. Thus, the absorption they measured was
due to the extreme wings, and their results would not necessarily be
expected to agree with ours. They found that tbe self-broadening of H20
in this region was probably as much as 30 times that of N2-broadening.
Such a change in the ratio of self- to Ni-broadening at various distances
from Lhe centers of the lines is certainly large and may even eppear to
be somewhat surprising. But it does not seem too improbable in view of
the.•act that such great variations have been observed for C02 line# by
us; these results will be published within the next several weeks.
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I SECTION 4

-l
3847-3860 and 3895-3932 cm REGIONSI

4.1. DISCUSSION AND TRANSMISSION SPECTRA

This section deals with two short spectral regions, 3847-3860 cm"I and
3895-3932 cm'1. Copies of the spectra are shown in Figures 4-1 through
4-6; the numbers enclosed in rectangles refer to t e numbers assigned to
the samples whose parameters are shown in Table 4-1. The numbers shown
in the second panel from the top of Figure 4-2 refer to calibration lines
whose wavenumbers are given in Table 2-2. The wavenumbers of these lines
Is well as many others not resolved in the spectra have been tabulated by
Gates et al.

Spectra of the two different spectral regions are shown in separate panels
in Figure 4-1 through 4-4 for Samples I to 16 which were contained in the
shorter absorption cell. Samples 17 to 29 were contained in the longer
absorption cell; the spectra of these samples are shown in Figures 4-5
and 4-6, where both regions are contained within the same panel. The
sp,'ctra in the latter two figures were replotted by the technique des-
cribed in Appendix C of Reference 4 and appear on a scale quite different
from that used in the first four figures. Spectra of Samples 23, 26, 27,
28, and 29 are not shown for the 3847-3860 ca-l region since the absorp-
tance is nearly complete at all wavenumbers within this interval.

The two short spectral regions described in this section were studied
in considerable detail since they are useful in interpreting spectra of
paths through the atmosphere. The 3847-3860 cn" region contains some
very strong lines and is particularly useful for comparison with spectra
of relatively small sales of 320. As an example, it is useful for
interpreting solar spectra obtained from a high altitude balloon or

I
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aircraft where the radiation has passed through only a small amount of H20.
The other spectral region contains several lines which are much weaker,
making it useful for a comparison with samples containing more H20, such as
the path between the sun and an aircraft or balloon at lower altitudes.
Spectra of the 3895-3932 cm-1 rogion can also be useful in placing the
curve corresponding to zero absorptance on a solar spectra. By comparing
a solar spectrum with one of the laboratory spectra having approximately
the s-ime integrated absorptance over a Proup of lines such as those between
3895 and 3908 cm-1 , the average absorptance over the adjacent window from
3908 to 3916 cm-I could be estimated. The average absorptance observed
over the window is essentially independent of spectrometer slitwidth pro-
vided it is less than about 5 cm" 1 . Of course, the ratio of the integrated
absorptance over the window region to that over the cluster of lines is not
constant but depends on the presrure and absorber thickness. But a reason-
able estimate of the integrated absorptance, and thus the average absorptance,
over the window regLn can be obtained by such comparison; and since it is
small for many samples, the curve corresponding to zero absorptance can be
located on a solar spectrum with reasonable accuracy.

4.2 TABLES OF TRANSMITTANCE AND INTEGRATED ABSORPTANCE

Table 4-2 contains values of the observed transmittance T(v) versus wavenumber
in the 3847-3860 UX°1 region. Values are tabulated at intervals of 0.2 cmI,
which is sufficiently close that the original spectra could be reconstructed
with little loss of structure by plotting the points and joining them with
straight lines. Small errors in such a replotted spectrum would occur near
the centers of some of the absorption lines; a little of the line might be
"cut off," but the error introduced in the calculation of the integrated
absorptance is negligible. Values of T(v) > 1.0 which appear occasionally
in the transmittance tables are a result of noise on the sample spectra.

V

Table 4-3 consists of values of integrated absorptance f A(v)dv versus
VI

wavenumber for the same samples over the same spectral region with values
tabulated at intervals of 0.5 cmu1 . The lower limit of integration v' Is
shown at the top of each column. The integrated absorptance between any
tuo points within the interval can be calculated from the difference between
the values tabulated at those two points. The calculations are based on
spectra composed of straight lines joining points corresponding to the
transmittance values given in Table 4-2.

Tables 4-4 and 4-5 are the tables of transmittance and integrated absorptance,
respectively, for the 3895-3932 cut1 region.
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I TABLE 4-1

SAMPLE PARAMETERS 'L

S~am. p p e, P p p, L u

No.e e Path
torr torr torr atm atm atm m gm/cm

I4.0 4.0 20 0.00526 0.00526 0.0263 2.10 0.00080
4.0 40.0 56 0.00526 0.0526 0.0737 2.10 0.00080

3 4.0 210 226 0.00526 0.276 0.297 2.10 0.00080
4 4.0 745 761 0.00526 0.980 1.001 2.10 0.00080
5 6.4 6.4 32 0.00842 0.00842 0.0421 4.16 0.00260

1 6 6.4 46.0 71.6 0.00842 0.0605 0.0942 4.16 0.00260
7 6.4 200 226 0.00842 0.263 0.297 4.16 0.00260
8 6.4 731 757 0.00842 0.962 0.996 4.16 0.00260
9 6.4 6.4 32 0.00842 0.00842 0.0421 12.4 0.00772

10 6.4 46.0 71.6 0.00842 0.0605 0.0942 12.4 0.00772

11 6.4 200 226 0.00842 0.263 0.297 12.4 0.00772
12 6.4 731 757 0.00842 0.962 0.996 12.4 0.00772
13 6.4 6.4 32 0.00842 0.00842 0.0421 32.9 0.0205
14 6.4 46.0 71.6 0.00842 0.0605 0.0942 32.9 0.0205

15 6A4 200 226 0.00842 0.263 0.297 32.9 0.0205

16 6.4 731 757 0.00842 0.962 0.996 32.9 0.0205
17 0.48 0.48 2.40 0.00063 0.00063 0.00316 469 0.0219
18 1.95 1.95 9.75 0.00256 0.00256 0.0128 237 0.0450
19 3.80 57.0 72.2 0.00500 0.0750 0.0950 121 0.0448
20 7.50 7.50 37.5 0.00987 0.00987 0.0493 121 0.0885

21 7.52 38.8 68.9 0.00989 0.0511 0.0907 121 0.0887
22 7.35 192 221 0.00967 0.253 0.291 121 0.0867
23 7.35 723 752 0.00967 0.951 0.989 121 0.0867
24 7.50 7.50 37.5 0.00987 0.009F7 0.0493 469 0.343
25 7.47 jo.7 68.6 0.00983 0.0509 0.0903 469 0.341

J 26 7.47 192 222 0.00983 0.253 0.292 469 0.341
27 7.52 7.52 37.6 0.00989 0.00989 0.0495 933 0.684
28 15.3 15.3 76.5 0.0201 0.0201 0.1006 469 0.699

j 29 15.3 1525 1586 0.0201 2.01 2.08 469 0.697

P p * 4p In accordance with Equation (3-8) and the results of Section 3.
e

All samples were at room temperature, 296 0 K.
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Table 4-3 jA(z/) d-

1 2 3 4 3 6 7 A 9 10 11 12

p(5ta) 3.26 3.26 3.26 3.26 8.42 8.42 8.42 8.42 8.42 8.42 ',42 8.42
• 0- •103 _ 1.31 1 10-• 03 •1. 1- 1-3 -30" 10-3 10-3 •1-

pe(atm) 2.63 7.37 2.97 1.001 4.21 9.42 2.97 9.9 4.21 9.42 2.97 9.96
. 1 0- ' * 10. • 10to • 1. • 10- * 10. * 10.o o 10 "' * 1 C-* 102 t 1O .r 1

u(S/€u) 8.0 8.0 8.0 8.0 2.60 2.60 2.60 2.60 7.72 7.72 7.72 7.72

X 100- x 10-4 . 1u04 . 10.' • 10.3 * 103 . 10-3 x 10-3 . 10-3 2 10-3 a 10.I

v v .-3847 v-38
4
7 v -3• 7

4
7 vl-3-37 vl-38

M7  v'-31
4 7  

v *-3647 vt .3847 v'-3
8

6
7  v0 -30847 v1-

3
84 v '-3 4

7

(M*1) co-, Cori c m' w I o m.1 cm.' 
€11. 

cu 
eel

IF41 r) 0.' C.0 .~ ~ 02 .0 .0.7 0.3 0.2 0.2 0.b 0.4I 747.0 0. 0. 0. ,. 0. 0. 0. 2. 0. 0. 0. 0.
3P4 1.5 0.,)r 0.00b M:O01 r~o•k 0:00s 0.011 : .73 0 ' 0.055 0:025 0.02? 0.056 0:.149

3-41.C 0.0-C 0.015 A .W?6 L .42 0.010 0.021 0.338 0.113 0.051 0.053 0.112 0.301
3F48.5 0.0(4 0.023 0.038 (.06t 0.020 0.0)9 0.063 0.181 0.089 0.091 0.186 n.482
I ".0 0.0i 0 .040 n.061 '.099 0.047 0.091 0.122 0.319 0.165 0.179 0.338 0.752

3041.5 0.01. 0.085 0.119 ".170 0.116 0.204 5.263 0.560 0.306 0.351 0.610 1.141

3050.0 0.1C.l 0.16' 0.225 0.29 0.218 0.322 0.460 0.e25 0.466 0.560 0.922 1.559
050.4 0.119 0.97 0.276 m.382 0.249 0.360 0.547 0.996 0.530 0.653 1.101 1.901
3.51 C 0.:13 0.211 C.107 n:.444 0.262 0.393 0.619 1.208 0.582 0.730 1.290 2.281
Jl' .6 0.1;4 0.238 ".361 0. 69 0.300 0.491 0.776 1.?59 0.704 0.896 1.612 2.742

3PS7.0 0.217 0.36r) 0.545 '.P5, 0.4W? 0.779 1.133 2.022 1.022 1.267 2.061 3.229

3 i2.5 0.324 0.568 C.853 1.257 0.698 1.022 1.522 2.482 1.315 1.642 2.529 3.720
393.0 0.349 0.637 0.9c 1.64? 0.756 1.12R 1.765 2.897 1.459 1.71 2.912 4.208

3 54.5 0. 104 0.720 1.142 1.002 0.873 1.391 2.051 1.350 1.693 2.182 3.366 4.699-
3.54.0 Mf5( 0.981 1.483 :.;12 1.109 1.761 2.504 3.034 2.118 2.638 3.849 5.191

3 -54. 1) 0.7 F3 .33 ? 1. 117 2. 680 1.55 ? 2.15 2 2.97& 4. SIT 2.542 3 097 4.335 5.683
3955.C 0.651 1.517 :.1qb 3.0b) 1.713 2.331 3.354 4.?43 2.769 3.420 4.789 6.170
3953 . 0.671 1.359 7.291 3. 7; 1.758 2.394 3.547 5.040 2.869 3.578 5.127 6.620

3856.0 0.876 1.579 1.312 I.•?4 1.176 2.426 3.643 S.240 2.921 3.657 5.340 7.003

3 04.3 0.114 1.594 ?.3,i '.445 1.799 2.482 3.720 5.434 2.991 3.756 5.516 7.36S

3P5 7.0 0.919 1.643 2. 3 543 1.884 2.629 3.892 9.752 3.157 3.981 5.809 7.?95
3.57.: 0.993 1.755 !;.76 2.020 2.814 4.166 6.112 3.383 4.278 6.216 8.256

3A38.0 1.012 1.821 ?.7m5 9.913 2.080 2.885 4.339 6.291 3.49? 4.429 6.503 8.607
3•54.5 1,018 1.537 2.93 2 3 9(,3 2.101 2.913 4.393 6.388 3.548 4.495 6.641 8.843

3•s9.0 1.0.2 1.846 7.760 '.992 2.115 2.936 4.431 6.467 3.591 4.543 6.711 9.034I 859.1 1.001 O .862 2.7(4 4.:20 2.143 2.970 4.480 6.547 3.664 4.619 6.043 1.230
,60.0 1.034 1.873 2.786 4.046 2.162 2.992 4.S17 6.617 17 7 .676 6.t42 4.405

8aNO. 13 14 1i 16 17 18 19 20 21 22 24 25

p(atu) 8.42 8.42 8.42 8.42 6.3 2.6 3.0 9.87 9.8 9.67 9.87 9.113• 1.3 10.3 10"-3 10-3 .0- 10-3 •10-3 • 0° 10 103 10.-3 103 • •

P.(.tm) 4.21 9.42 2.97 9.96 3.16 1.23 9.50 4.93 9.07 2.91 4.93 9.03
. 10.2 x 10 * . 10"1 o 10 I 10-3 . 10.- a 108a a I0 • 10- a 10.1 • 10- 10ao

.(g/cm') 2.05 2.05 2.05 2.05 2.19 4.50 4.48 8.01 8.87 8.67 3.4) 3.0110*& • 10., 10"2 • 1I"• • 10-2 • 10s Io-a 0 " a 0. 10-0 tw IV, 1-

v v-38
4
17 v'38 v'.3847 v.3847 - 7 v'v3-)7 v'.347 v.-38417 v1-347 v*-61 v1.3617 v'-3861

(a° 1) 0wl 11.1 cm~l •.07 Cm1 curl Ib. so I el w w1 "7l1 'e-l )oo

3847.0 0. 0. 0. 0 . •. 0. 0. o. O. 0. 0.
3847.5 0.046 0.079 0.135 0.296 0.018 0.032 0.112 0,156 0.200 0.360 0.134 3.GI4
3948.0 0.088 0.151 0.210 0.603 0.033 0.06? 3.224 0.214 0.399 0.124 0.611 ).631
3648.5 0.148 0.235 0.444 0.946 0.055 0.112 0.111 0.453 0.6137 1.124 1.046 1.270
3849.0 0.264 0.383 0.123 1.363 0.098 0.211 0.639 0.126 0.969 1.145 5.4b2 1.?46

1649.5 0.460 0.630 5.119 1.839 0.169 0.371 0.".9 1.02 1039? 2.07? 1.946 1.219

3650.0 0.S00 0.933 1.531 2.324 0.266 0.574 1.1a9 1.4.14 1.4.32 2.5' 2.56 2.731
A50.5 0.822 1.171 1.161 2.79 00310 0.075 1.666 1.79 P. 243 3.047 ?.ISO 31.23

M81.0 0.92S 1.343 Z.213 1.211 0.331 0.754 1.991 2.10? 1.649 3.562 1.410 1.318
1851.3 I.1?' 1.604 2.6s1 1.771 0.316 0.894 2.192 2.510 3.118 #4.060 1.904 f.Ito

3852.0 1.516 2.025 3.143 4.261 0.924 1.216 2.811 2.981 3.612 4.560 4.40) 4.138

3652.9 1.910 l .418 1.631 4.16. 0.694 3.588 3.363 1.67) 4.110 S.760 4.90) S.238
3853.0 2.166 2.860 4.111 9.260 0.149 5.41? 1.44.1 1.966 4.601 i.560 S.401 S.113

3853.5 2.498 3.284 4.601 5.736 0.83. 1.03 #. Ml 4.420 5.104 6.060 5.901 $.1)

38654.0 2.959 1.?5q S.009 6.24 1.037 2.461 4.11 4.It9 %.&*1 6.560 6.40) 6.7i3

3684.S 3.421 4.244 5.592 6.151 1.351 ?.921 %.111 53099 6.101 1.060 6.01 1.131

305%.0 3.768 4.669 6.041 7.241 I1.90 .3146 S.402 %.SOS 6.599 1.960 7.401 1.1$1
385$.5 1.960 S.007 6.135 7.74) 1.651 3.%90 6.21 6.132 ?,O.p 8.060 .901 1.211

3856.0 4.062 5.201 6.910 8.221 1.671 1.609 6.067 6.462 7.513 A.$599 .301 0.131
I696.5 6.180 1.3 1,239 7.01,05 1.703 3.466 6.454 6.966 1.931 9.034 I.699 9.23i

1 67.0 4.427 5.607 7.636 9.1%6 1.715 5.930 7.228 ?..ig 6.11s 9.$$1 9.3)4 9.7)8
3151.5 6.746 6.013 a.104 9.689 1.614 4.189 7.618 1.164 0.11S 10.344 9.438 0).231
I158.0 4.91? 6.39? 8.521 10.1%2 1.961 4.414 6.3s$ 8.132 4.211 10.139 10.320 13.712

3851.5 S.001 6.908 6.610 10.595 2.008 4.$07 4.217 8.394 q.939 10.948 1P.731 11.201
39990 S.064 8 O.W 9.016 10.916 2.234 4.S60 1.44,9 8.53 9.190 11.423 11.1)5 11.662

38S9.9 5.181 6.710 9.67 11.163 2.082 .643 8.610 0.14s 10.16S 11.1169 I3.49 io.111
3860.0 S.162 6.906 9.471 15.62S 2.120 4.113 6.044 .970 10.434 12.2II 11.91S 11,142
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Ta ble 4- 5 JA AW'd-v

am. 1 2 3 4 3 b I a 9 t0 it L.2 is 24

1. 904 3 Is. 6.4 "I C42 2.44 a.4. coo 0.43 $.42 .19 6.42 04

2.) .37 7074. 22 90 .? .4 42.41 2.97 9.114 4.21 9.42

6.0k 6.1-13e20 aw ao 20 . 7.12 7.72 7.73 2.03 2.05-

V~r Vows V.. W10 1 v M *.13i3 0*.3005 v.3O) V1.34193 ,v4Bo3 V1.3110 V1.
30

1
5  

V1.1001 04,.*9

300"0 0.ki 0. . . 0 0. Ot0.0, .. 63 C.16 0.1 0.0 0. 0 -

199.0 0.40 0.081 0269 V.3 .2 .2 002 01 .) 0.00 0:113 0 1 It9 0.074 0.127

0049 04 Ole3 0.52? 10.0461 0.921 :0.3)2, :,:742 'e.2AA8a 0.042V o:091 0.14$~ 51.1 c 2 0.291

6197T a.4 Cos 009 .0 0.034 0.047 4.060 lot4 0.091 0.2)14 o..3. 1).~ 0. ýi C 1.29

1110T.1 Cup4 0.097 C.30.0512 0.091 0.079 0.1tal 0.2114 0.2)) (L.2 ~ . 0.1-1' 0 a '4 0.342

3999. 9.04 0.62C 0.10 0.4 0 .10 Z, '':.24:Il 99 0:.164 046'*8 0.113o) 2TA 0.#3 -116 0.420 *.90

3099.0 6091 0.01 0.17 . .9 6.90 60.0 Mot9 0.0 il.j 1.114 1.110 0.949 33
399.9 .14 037 0.93 .14 044 0.4 .0.96 241 0.003 1-0,( 1.919 L.4 .1 .911

me0. 004 o.1i047 .9 0.979 0.79) 1.194 1.792 0.940 1.0Q. 1.70 too 3 2-a .444 2.9)0

390.0 .2)3 0.99 1.7 2.21) 0.0i.4 .2 . .644 1.4)3 2.14) lion1 1.473 Z.1

3901.9 0.03 .30 .2 1.319 0.o4 0.9201 619499 2.149 2.11? 1.1)9 ;.41b)1 I.711 2.74' 2.40',
342. .313 .1403 1.4)0 0.032 1.1114 0.61C 2.721 1.406 1.990 2.82) 4.&64 1.31-14 T.7*4

1992. 9.44 $.77.) .7) 109 239 1.120 3.212 1.6?1 2.191 3.2)2147 *.441 1.108
399.0 4.5 09)7 1.14 .92 104 1.90 2.29 .3) 11*) 2.79 1.430o 9.032 2.6414 3.464

M01. 0.47 0 .9s '.4 .:OUT 1111 1.443 2.311 1.1134 2.92) 2.4,11 $.613) 4.094 2.103 2.497

4:04, 401407 2.19 to70 '.4I I.4 o.07 262 4.2 .47 4.40) 6.11)1 3074 4.333

393.0 6644 2:1'S 2.1 1.7o. 1.626 2.932 1.0614 4.61? 23*') ).191 *744.1* .743ý 3.474 4.414

143. So44 2.MS 1." .2 .449 2.031 3.209 4.043 1_i433 1.101 4.1403 t.isi 3.493 '.422

P"04. 0.7Sol .N,7 I..!) lm22 2.491 2.27)m 3.60$ S.170 3.729 1.701 S.l Z41 .50 1.7 .4"9410

11041.0s 0.7)3 1 .:4'1 2.4) ).Ile 1.611 2.294 lists `1.-90 2.792 %.Tel !1.$*,1 7,141 4.07S S.4.14

3997~3 0.7 :41.44 227 .9 149 229 . I.S47 2.742 2.771 S.40.6 q..60 4,120 11.6111
Ago?.1 0 .4 1.30 2.24 I.0 I2 1 .6401 2.303 1.411 .2 .4 .9 ,3 .2 .) .9

3440 071 1.121 1.29 7 o .191 1.661 2.800 ).&%1 _%02 a.~9 1612 1.177 44#_?$ 4.111 S.644
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4.3 CURVES OF GROWTH OF THE 3847-3860 cm REGION

Figure 4-7 shows a plot of fA(v)dv versus uP for the Ž847-3860 cm- 1

region. Each curve is drawn through a set oA points which represent
samples having approximately the same P . The parameter uPe is conven-
ient to use for samples in which most oA the absorption lines satisfy
the conditions for the well-known strong-line approximation. This occurs
when the widely used quantity Su/2ne >> I for each line. The sample is
then opaque within a few half-widths of each line center, and the only
change in absorption with increasing u or Pe occurs in the wings of the
lines where the ab!3rption is a function of the parameter uPe.

If all the lines within the interval satisfied the strong-line condition
in every sample, all the curves in Fig. 4-7 would be coincident. The
curves are seen to not be coincident; instead, they occur in the order of
incr2asing Pe from Lop to bottom. This systematic deviation from the
single curve results fror several weak lines which do not satisfy the
strong-line conditions and their contribution is bore strongly depend2nt
on u than on Pe.

The curves asymptotically approach a maximum value of 13 cm- 1 , corresponding
to complete absorption EAMy) = 1] over the entiie interval. Most of the
transmission througn a sample in which fA(v)dv is only slightly less than
13 cm" 1 occurs at wavenumbers in the wings of the lines; thus, the absorp-
tance is nearly a function of uPe' and there is only a small deviation from
the strong-line approximation.

The integrated absorptance of a single strong line with the Lorentz shape
is proportional to (uPe) 0 "5 . If all the lines in an interval were strong
and there were no overlapping, the integrated absorptance of the interval
would also have this proportional relationship, and "curves of growth" such
as those in Fig. 4-7 would be coincident and have a slope of 0.5. The slopes
of all the curves in the figure are seen to be less than 0.5, a result which
undoubtedly is due to overalpping, even at low pressures.

Although the curves are not coincident, they are sufficiently close that it
is possible to interpolate between them to determine fA(v)dv for a wide
variety of samples with pressures different from those shown. Care must
be exercised in extrapolating the curves to smaller uP e) since they will
diverge more rapidly, and the slopes will increase to a maximum of one aj

Su/25a decreases.
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SECTION 5

SAMPLES FOR LINE STRENGTH DETERMINATION

5.1 LINE STRENGTH AND DISCUSSION

j The strength of a single absorption line is given by

S = f k(v)dv. (5-1)
o

The absorption coefficient k(v) is related to the true transmittance T'(v)
that would be observed with infinite resolution by

"T'(v) = exp [-uk(v)], or -k& T'(v) = uk(v). (5-2)

By combining these two equations we can relate the line strength to T'(v)
by

u -- -.4T'(v)dv. (5-3)U ,

As P is increased until a is as large or larger than the spectral slitwidth
of tfie spectrometer, the observed transmittance T(v) becomes approximately
equal to the true transmittance T'(v). Under this condition we see that the
line strength can be determined from the observable quantity T(v) by

S 1 fo -AT(v)dv. (5-3a)
u

I
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I'



If A'(v) 1 1 -T'(v) << 1 for all values of v being considered, Equation (5-3)
can be rewritten as

1
S 1 f f AI(v)dv. (5-4)

U o

14 2It has been shown both theoretically and experimentally that, under usual
spectroscopic conditions,

fA(v)dv = fA'(v)dv, (5-5)

provided the integration is carried out over all wavenumbers where there
is significant absorption. At (v) and A(v) are the true and observed
absorptances, respectively. By combining Equations (5-4) and (5-5), we
see that the line strength can be determined from A(v) by

S = 1 f A(v)dv. (5-4a)U 0

At points where several lines contribute to the absorption, the total
absorption coefficient is the sum of the coefficients of each of the
individual lines. When the conditions for the validity of Equations (5-3a)
or (5-4a) are fulfilled, they can also be used to determine the strengths
of entire bands by changing the limits of integration.

When the conditions for (5-4a) are satisfied, the absorption is in the
so-called linear region. This equation is frequently used to determine
the strengths of bands or individual lines; however, we see that it can
only be used when A'(v) is small. Thus, the accuracy of the measurement
is usually limited by the uncertainty in the measurement of the small
A(v); small errors in the placement of the zero absorptance curve can
cause large'errors in the values of the strengths which are determined.

When the widths of the lines are sufficiently great that T'(v) 1_' T(v)
and Equation (5-3a) is valid, strengths can be determined from spectra in
which the absorptance is considerably larger, thus improving the accuracy.
Of course, samples in which T(v) may be too small must be avoided since
-,.T(') gets large, and small errors in the spectra can cause large errors
in the determination of the strengths. Errors arising from the small dif-
ference between T(v) and T'(v) also increase as T(v) approaches zero.

The spectra discussed correspond to samples at two different equivalent
pressures, approximately 5 and 10 atm, which were used in order to satisfy
the conditions for the validity of Equation (5-3a). Thus, the strength of
many of the lines can be determined. The samples chosen for a given spectral
region provide sufficient absorption that many of the weaker lines can be
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observed, yet the absorption is not sufficient for the stronger to
be opaque near the centers. Because of the great range in the strengths
of the lines within a given region, it would be desirable to have spectra
of several different samples covering a wide range of u. But the results
here have been limited to one or two samples in a given spectral region
because of the large amount of time and effort involved in obtaining and
reducing the data. The parameters of the samples discussed in this section
are presented in Table 5-1.

III The lines in the samples at approximately 10 atm are sufficiently wide
that Equation (5-3a) is probably valid for T(v) greater than about 0.2
or 0.3. But the lines in the samples at 5 atm are only half as wide, and11 Equation (5-3a) is probably only valid for T(v) greater than approximately
0.7. However, the spectra of the 5 atm samples have the advantage of less
overlapping so that many of the weaker lines can still be observed and

jJ their strengths estimated. The 10 atm spectra are useful in determining
strengths of the stronger lines or of groups of lines; then the 5 atm
spectra can be used to determine the contribution of the different lines
within the group. It is probable that even 5 atm is too high a pressure
for some of the weaker lines adjacent to strong lines; strengths of these
lines can be determined more accurately from results at 1 atm which are
presented in Section 6.

In the determination of line strengths, it should be borne in mind that
much of the structure in the spectra which appears to be composed of a
single line actually consists of two or more individual lines which have
not been resolved. The positions and approximate strengths of the linescan be obtained from Gates et al.

I The results are presented in four different groups, each corresponding to
a different spectral region with a small amount of overlapping of the four
regions. Photographs of the original spectra are shown with the sample
number indicated. Following the spectra for each region are tables of
transmittance and integrated absorptance which are similar to those pre-
sented in Section 4.

Also shown is a table of the quantity 1 f - 4vT(v)dv. We see fromU V1

Equation (5-2) that this quantity is equivalent to an integrated absorp-
tion coefficient fK(v)dv, where K(v) is the sum of the absorption coefficients
of all the lines. The lower limit of integration v' is indicated at the top
of the column, and the values are tabulated at intervals of 0.5 cm" 1 . It
is apparent from Equation (5-3a), that the strength of individual lines or
groups of lines can be determined from this table by taking the difference

between the tabulated values of the integral at the points corresponding
to the limits of the region involved.

I
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Since -A4T(v) - o as T(v) - 0, we wrote the computer program so that
values of -A,,'T(v) > 10 are never used in the calculation of the integral.
The correct value is used as the integrand if -A'T(v) < 10; but 10 is
used for -LT(v) > 10 (T(v) < 0.0005). Since T(v) = 0.001 is the smallest
value tabulated, the upper limit of 10 is only applicable at points where
T(v) is tabulated as 0.000 As pointed out above, a small error in T(v)
causes a large error in -,;IT(v) when T(v) is small. Therefore, regions
where T(v) is small should be avoided when dealing with the tables of
1 f -.LvT(v)dv. Thus, the limiting of -A2 1 T(v) to values less than or
U

equal to 10 does not effect the usefulness of the table since the places
where -. ,4T(v) is large should not be used anyway. Values were calculated
through a few such regions in order to make the table continuous; but it
should be emphasized that the tables should not be used over regions where
T(v) is small.

The greatest source of error in the spectra and tables probably arises
from the misplacement of the zero absorptance curve. This is particularly
true for the spectral region considered here since the band absorbs over
such a wide region. The accuracy depends to a large extent on the distance
from a "tie point" where the absorptance is known to be zero, or so small
as to be negligible. The error in A(v) due to misplacement of the back-
ground is probably less than 0.01 at most wavenumbers; although it may be
somewhat higher below 3300 cm-1, where the recorder deflection was small
and the nearest tie point was a few hundred cm" 1 away.

5.2 BAND STRENGTHS

Without determining the strengths of the individual absorption lines, we
can obtain quite a lot of information about the strengths of the bands in
this region from the tables of 1 f -&T(v)dv. The v and v bands

overlap so much that the contributions of each cannot be determined without
considering the absorption by individual lines within each of the bands.
We will not do this, but we will determine the combined strengths of the
two bands.

Since nearly all the absorption below 3385 cm" 1 is due to the 2v2 band,
we will consider only the region from 3385 to 4130 cm"1 . Values of
1 f -4.vT(v)dv were taken from Sample 31 for the 3385-3455 cm" 1 region,

Sample 32 for 3455-3555 cm"I, Sample 34 for 3555-3960 cm 1 , and Samplp 36
for 3960-4130 cm"I. By summing all the values, we obtained 27.4 x 104 cm" 1

gm" 1 cm2 . Approximately 99% of this occurs in the 3555-3960 cm" 1 interval
for which Sample 34 was used. We see from the spectrum of this sample
that there are places where T(v) is as small as approximately 0.10. As
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Spointed out e, when T(v) is this small, f -. ZvT(v) will be slightly
* less than f -IZtT'(v) when the widths of the lines are not several times

as great as the spectrometer slitwidth. Thus, we must consider the error
which might be introduced, since the half-width of the lines is probably
about I cm"I and the spectral slitwidth is approximately 0.7 cml.

We can get some idea of the error by comparing the values obtained from
Samples 33 and 34; both of these samples have the same value of u, and' their equivalent pressures are 5 and 10 atm, respectively. We see that
-1 f -,IwT'(v)dv increased by about 7 percent (2.48 x 104 to 2.65 x 104)

U

when the pressure was doubled; most of this increase is probably due to
a decrease in the systematic error described in the previous paragraph.
Since the value increased by only 7 percent in going from 5 to 10 atm,
it is probable that not more than 1 or 2 percent increase would be observed
if the pressure were increased further until the structure were smoothed
out.

SThus, if we assume a 2 percent increase, we obtain 28 x 104 cm " gm cm2

for the combined strengths of the v1 and V3 bands The estimated uncer-
tainty i1 1 1.5 x 104 cm"1 gm cm2 . Gates et al used strengths of
2.7 x 10 for and 26.3 x 104 for v3 in their calculations of line
strengths. Their total, 29.0 x 104, is in good agreement with our results.
The value for V3 used by Gates et al is based on a measurement of a single

I line by Jaffe and Benedict. 1 5

From the results between 2999 and 3385 cm , we determined a strength of
3.5 - 0.7 x 103 cm-1 gm-I cm for the 2v 2 band. The relatively large

uncertainty is due to the overlapping of the wings of the v, and V3 bandsand to the possible misplacement of the zero absorptance curve. Our

value is considerably larger than 2.2 x 103, which was used by Gates et al.

II

I
I
I
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5.3 RESULTS

TABLE 5-1

SAMPLE PARAMETERS

Sam. pP Pe p P P u
No pee Path /2

No" torr tort torr atm atm atm m gzm/cm2

30 6.4 3800 3825 0.00842 5.00 5.03 32.9 C.0205

31 6.4 7600 7625 0.00842 10.00 10.03 32.9 0.0205

32 6.3 7600 7625 0.00829 10.00 10.03 4.16 0.00256

33 4.0 3800 3816 0.00526 5.00 5.02 2.10 0.00080

34 4.0 7600 7616 0.00526 10.00 10.02 2.10 0.00080

35 6.4 3800 3825 0.00842 5.00 5.03 32.9 0.0205

36 6.4 7600 7625 0.00842 10.00 10.03 32.9 0.0205

P = P + 4p in accordance with Equation 3-8) and the results of
section 3. All samples were at room temperature, 296 0 K.

The regions covered by each sample are as follows:

30 and 31, 2990 - 3580 cm1

32, 3430 - 3635 cm
33 and 34, 3540 - 3960 cm-1

35 and 36, 3935 - 4130 cm-1 .
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L Table 5-5 (Ccnt'd)
3S- ft. 12 1- ft.2 3 32 U 3
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Table 5-6 JA() dv

Sm. No. 32 Sam. 3b. 32 Sm. po. 32 Sm. No. 32 Som. go. 32 h.. 32

p(at-) 8.29 p(atm) 8.29 p(atm) 8.29 p(ata) 8.29 p(atm) 8.29 p(Atm) 8.2)a tO" x 10-' x 10"- . 10-3 x 10.3 X 10- 3

pes-) 1.003 pe(atm) 1.003 pe(atm) 1.003 T.(4tM) 1.003 Pe(Otm) 1.003 Pe(Stm) 1.003. I01 . I01 x 101 x I01 x I01 x I01

10)2.56 u(p/) 2.5 u(al/,m) 2.6 u'x- p'/) 2.56 u(g/•2/c) 2.56 • .i(SM/ ) 2.56

10° U 110 x 10.3 . 10-3 10-3

v v'-3430 v v'=3430 v v'-3
4 3

0 v v'3430 v v1=3430

(CE - 1) -- I ( €•-r ) C.- I• l v- -v -4 3

34(.-1-- 
{,c.- 1 e I (e I..e ~

3030.0 0. 34"5.0 1.566 3500.0 3.401 3535.0 8.768 3570.0 19.492 3605.0 33.499

3430.5 0.011 3465.5 1.574 3500.o 3.441 I353.S 8.822 A51 a5 19.678 3605.5 33.691

3431.0 0.025 366.0 1.S7 3501.0 3.489 3536.0 8.903 3571.0 19.843 3606.0 33.919

3431.5 0.061 3466.5 1.610 3501.5 3.556 3536.5 9.01? 3571.5 19.978 3606.5 34.200

3432.0 0.056 3467.0 1.653 3502.0 3.645 3537.0 9.113 3572.0 20.089 3607.0 34.537

3432.5 0.069 3467.5 1.687 3502.5 3.766 3531.5 9.188 3572.5 20.195 3607.5 34.904

3433.0 0.081 3468.0 1.703 3503.0 3.905 3138.0 9.242 3573.0 20.278 3608.0 35.281

3633.5 0.091 3468.S 1.711 3503.5 4.0*3 3538.5 9.285 3573.5 20.371 36W8.5 35.686

3436.0 0.101 3669.0 1.116 3506.0 4.177 3539.0 9.322 3574.0 20.471 3609.0 36.134

34.5 0.109 3469.5 1.720 3504.5 4.311 3539.S 9.3s) 3574.5 20.S74 3609.5 36.599

3435.0 0.116 3670.0 1.724 3505.0 4.403 3540.0 9.396 3575.0 20.681 3610.0 37.03?

3435.5 0.123 3470.5 1.?32 3505.5 4.473 3140.5 9.434 3575.5 20.783 3610.5 37.422

3436.0 0.130 3461.0 1.739 3506.0 46528 3541A0 9.463 3576.0 20.880 3611.0 37.768

3436.S 0.140 3471.5 1.745 3506.5 4.573 351t.5 9.517 3576.5 20.981 3611.5 38.111

3437.0 0.150 3472.0 1.750 3507.0 4.612 3542.0 9.568 3577.0 21.091 3612.0 38.485

3637.5 0.159 3472.5 1.754 3507.5 4.649 3542.5 9.636 3577.5 21.204 3612.5 38.898

3638.0 0.169 3673.0 1.760 3508.0 4.692 3543.0 9.725 3578.0 Z1.309 3613.0 39.325

3638.5 0.180 3473.5 1.769 3508.5 4.748 3543.5 9.837 3578.5 21.407 ý613.5 39.729

3439.0 0.194 3474.0 1.780 3509.0 4.831 3544.0 9.971 3579.0 ?1.507 3614.0 40.107

3439.5 0.205 3474.5 1.798 3509.5 4.94C 3544.5 10.126 3579.5 21.623 3614.5 40.482

3640.0 0.217 3475.0 1.823 3510.0 5.075 3545.0 10.325 3580.0 21.763 3615.0 40.855

3440.5 0.231 3475.S 1.851 3510.5 5.178 3545.5 10.564 3580.5 21.911 3615.5 41.206

3641.0 0.248 3476.0 1.872 3511.0 5.252 3546.0 10.789 3581.0 22.03o 3616.0 . 41.531

3441.5 0.270 3476.5 1.886 3511.5 5.309 3546.5 11.012 3581.S 22.145 3616.5 41.8!.1

3642.0 0.301 3477.0 1.897 3512.0 5.357 3157.0 11.301 3582.0 22.252 3617.0 42.190

3442.5 0.343 3477.5 1.906 3512.5 5.397 3547.5 11.S61 3582.5 22.366 3617.5 42.570

3443.0 0.390 3478.0 1.915 3513.0 5.431 3548.0 11.T38 3583.0 22.494 3618.0 62.985

3443.5 0.430 3478.5 1.926 3513.5 S.460 3548.5 11.872 3583.5 22.636 3618.5 45.409

3444.0 0.461 3479.0 1.939 3514.0 5.484 3549.0 11.980 3584.0 22.793 3619.0 43.840

3446.5 0.490 3479.5 1.958 3514.5 5.501 3549.5 12.071 3584.5 22.963 3619.5 44.288

3645.0 0.525 3480.0 1.989 35S1.0 5.525 3550.3 12.157 3585.0 23.160 3620.0 44.745

3645.5 0.578 3480.5 2.038 3SIS.5 5.542 355C.5 12.245 3585.5 23.403 3620.5 45.184

3446.0 0.630 3481.0 2.103 3516.0 5.558 3551.0 12.343 35R6.0 23.708 3621.0 45.592

3446.5 0.689 3481.5 2.162 3516.S 5.576 3551.S 12.461 3586.5 24.078 3b21.5 45.966

3667.0 0.773 3682.0 2.227 351?.0 5.598 3552.0 12.614 3587.0 24.48" 3622.0 46.302

3467.5 0.888 3482.5 2.311 3517.5 5.630 3552.5 12.796 358765 24,690 3622.5 46.602
3468.0 0.998 3683.0 2.383 3518.0 5.666 3553.0 12.971 3588.0 25.294 3623.0 46.877

3648.5 1.072 3483.5 2.430 3518.5 5.701 3553.5 13.123 3588.5 25.721 3623.5 47.140

3669.0 1.120 3486.0 2.463 3519.0 5.741 3554.0 13.266 3589.0 26.173 3624.0 47.398

3449.5 1.152 3464.5 2.490 3519.5 5.784 3554.5 13.389 3589.5 26.509 3626.5 47.658

3450.0 1.176 3685.0 2.515 3520.0 5.827 3555.0 13.478 3590.0 26.918 3625.0 47.931

3450.5 1.189 3485.5 2.540 3520.5 5.869 3555.5 13.57 3590.5 27.168 3625.5 48.229

3651.0 1.201 3486.0 2.570 3521.0 5.914 3556.0 13.608 3591.0 27.372 3626.0 48.560

3451.5 1.211 3486.8 2.600 3521.5 5.970 3556.5 13.668 3591.5 27.551 3626.5 48.927

3452.0 1.218 34687.0 2.631 3522.0 6.046 3557.0 13.733 3592.0 27.724 3627.0 49.324

3652.5 1.224 3487.5 2.671 3522.S 6.152 3557.5 13.800 3592.5 27.910 3627.5 49.755

3653.0 1.229 3488.0 2.733 3523.0 6.287 3558.0 13.868 3593.0 28.128 3628.0 50.218

3653.5 1.235 34688.5 2.807 3523.5 6.435 3558.5 13.937 3593.5 28.381 3628.5 50.697

3454.0 1.240 3489.0 2.857 3S26.0 6.598 3559.0 14.015 3594.0 28.641 3629.0 S1.180

3654.5 1.245 3489.5 2.886 3524.S 6.748 3559.S 14.114 3S94.5 28.896 3629.5 51.665

3645.0 1.250 3490.0 2.904 3525.0 6.074 3S60.0 14.243 3595.0 29.170 3630.0 52.146

345S.5 1.255 3490.5 2.916 3S25.5 7.028 3560.5 14.399 3595.5 29.479 3630.S 52.617

3646.0 1.263 3491.0 2.932 3526.0 7.200 3S61.0 14.550 3596.0 29.792 3631.0 53.050

3456.5 1.270 3691.5 2.967 3526.S 7.325 3561.5 14.685 3596.5 30.069 3631.5 53.438

3657.0 1.278 3492.0 2.960 3527.0 7.450 3562.0 14.822 3597.0 30.304 3632.0 53.784

3457.5 1.28$ 3492.5 2.970 3527.5 7.591 3562.5 14.974 3597.5 30.513 3632.5 54.105

3658.0 1.290 3493.0 2.979 3528.0 7.736 3563.0 15.139 3598.0 30.720 3633.0 S6.422

3658.5 1.298 3493.5 2.989 3528.S ?.8$1 3563.5 15.317 3398.5 30.936 3633.1 54.755

34$S.0 1.313 3494.0 3.002 3S29.0 8.011 3566.0 15.513 3599.0 31.152 3634.0 55.105

3659.5 1.324 3494.5 3.019 3529.S 8.145 3566.5 15.724 3S99.5 31.363 3634.5 55.432

3460.0 1.333 3495.0 3.046 3530.0 8.253 3565.0 15.965 3600.0 31.576 3635.0 5.712

3460.5 1.368 3695.5 3.084 3530.5 6.343 3565.5 16.255 3600.5 31.798

3461.0 1.311 3496.0 3.127 3531.0 8.427 3566.0 16.600 3601.0 32.030

3661.3 1.396 3696.3 U.173 3531.S 8.S00 35o6.S 16.984 3601.5 32.260

3662.0 1.625 3697.O 3.221 3532.0 8.SS8 3567.0 17.386 3602.0 32.468

3462.5 1.457 3697.S 3.262 3532.5 8.601 IS6I.S 1¥,793 3602.5 32.660

3463.0 1.693 3498.0 3.292 3533.0 0.636 3568.0 18.221 3603.0 3Z.842

3663.5 I.523 369865 3.317 3533.5 6.667 3568.5 16.631 3603.5 33.011

3464.0 1.542 3699.0 3.340 3534.0 6.697 3569.0 18.993 3604.0 33.171

3664.S 1.555 3699.5 3.366 3534.5 86.29 3169.5 19.272 3606.5 33.329
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II ~Table 5-7 !fvt~vd
[ I~S 1, 93120.U. 3 ~ . 2 S-.N. 9. 32 Sam. b.. 32

0.3 10. - *0 1.0.0'

39.30.0 9.997130 3490.0 1.0123542o003 I393.0 3.S462930.003 3394.0 1.107341v.004 3434.0 3.3494337.004
3430.5 4.3107634.000 3404.5 1.02280433003 3334.9 3.5804933.003 3334.3 1.03332912004 3430.3 3.3903499.01,4

3431.0 1.0392491.001 3433.0 2.60303??0200 3533.0 3.67648S430003 3S83.0 3.343)103004 M43.0 3.40243349004[ I3411.9 4.9303979.00l 0443.3 1.04421939003 333.2 3.67231343003 3393.3 1,03 4194.0ý04611* .66).
3432.0 3.2134914.001 3402.0 9.03390433.00 1393.0 3.6113740.003 3384.0 1.3793.04 ,12. 3.87000

3432.5 3.33393333001 3494.9 9.0417o*3.003 35334.5 3.443493005001 3334.3 1.103S0203004 31. .06~~o
34312.0 3 1. 344301 3497.0 15373933332.0 3.9033431:0.00 3983.0 1.10927034004Co

3433. 4.2344 :01 3433 3.9 9 .003 35331. .5 943,0 3362.3 3.247193,0
3439.0 1.1721911-001 3494.0 1.12102993033 3336.0 3.9399614.003 3309.0 1:.4094983430040044
5343.5 7.31292343-01 3484.5 1.03223993.003 M33.5 3.97242733003 3384.3 1.131341.0004 33. .930.oL I 439.0 7.44333573033 34899.0 1.32320S9.003 3339. 3.992534323003 3999.0 l.1401105.004 33. .04?-
3439.S 9.8233829.001 3489.3 1.19433143003 03S9.5 4.07011543003 3585.S 3.4344410,004
3406.0 9.14022343003 3490.0 1.03916S3.00) 3340.0 3.01723453003 3990.0 3.4274423.004
3440.3 1.5303223.001 3490.9 1.1973732.00 3403 456. .0379823003 3390.3 1.413332600D4
3443.0 3.3692493-0012 3493.0 1.0081059.003 35041. 4.9035730003 3391.0 1.2)213403.004

3441.3 .2.010609.001 3491.3 1.2091934.003 3341.3 19.0 S39923003 3391.3 1.2670798..04
3443.0 1.61939263002 3492.0 1.21409323003 1334.0 3.0939841.4003 3992.3 1.4783243.004

34342.3 7.312958.041 3497.3 1.S2179013003 3342. 4.3?74177.003 339$.3 1.43349170.004
3439.0) ?.66039393001 34093.0 1.22310943303 334.0 3.3992302.003 3393.0 1.9394325.004

3443.0 0.a021093002o 3490.0 1.02941373003 3343.1 4.0209743 003 3193.3 1.41?42443004

3440.3 9.1601223.001 3490.S 193.24341 .003 3340.5 4.70370833003 3390.3 1.4S330361004
341. 9.8249o00740491. 1.20210193003 3344.0 4.0533C0460.03 3394.0 1.946140223004
3441.3 1.07043280.002 3494.9 1.30013443.003 3S41.5 4,.90200393003 3994.5 1.4102231-004
34472.0 3.34340393002 3497.0 .320014082003 3347.0 4.33237763003 3392.0 1.4203063.004

1447. 3.39030 3492.5 .339.0 3542.5 3.579333397.3 1,48131.60:0044344. 4.4991 202 39. .49730 3534.0 5.3 07:30 3939.0 I.4498'' 00434499 4437239.02 496.0 1 .3994990o00 339. .24409.07300339. . 90.0
3449.3. 1 14.106771:.02 3499.0 1.4792.0 394.0. . 3 4:032.03 3339.0 1.44402613004.344.3 4.303 002 3499.3 1 l39499003 35449.03 ' .31773.00 339. 1.7 09.00L I ~~34300 461392 33. 1.1392733:003 490201.8714300 3540.0 1.43479,0
3490.S 4.96S3203.002 34900.3 1.40615225003 13s90.3 43.434120.003 3S40.9 1.54099303 00%

3443.0 ?.31386Z43002 3400.0 1.2497243.003 3931.3 4.44294332003 3401.0 1.5512813.004
3445.5 23.0129137002 3303.3 1.29371423003 3991.9 3.32399943003 3401.3 1.32330303004
3432.0 2.04903724.6001 3303.0 1.28195413003 3392.0 4.9923694.003 3400.0 1.79399993004

3432.9 2.07432503.002 3302.S 1.3001643.003 3392.9 3b.49133594003 3402.9 1.3434130411..L I3433.0 3.09232193002 3903.0 1.43300614003 3333.0 3.74994993003 3403:.0 1.73239004

343.5 1.65333003.007 3303.3 1.3343037.003 3393.3 3.63472435003 3403.3 1.63024400004
3434.0 4.1317351.002 34904.0 1.37489720003 35134.0 3.9030973.003 3404.0 1.6479064.004
3434.3 3.4329323.032 34904.S 137 69901.003 3946.3 S.23737383000 3404.3 1.67$49623004

1349A. 3.17217731002 3303.0 1.03932923003 3333.0 .394120012003 3403.0 1.33332443004
34493.5 4.3934Z5733002 3303.S 3.04773333003 3549.3 1.02132Y3.003 3433.3 1.79093294004

3434.0 3.22337944002 3904.0 13.9073133003 3334.0 4.030191930003 3504.0 1.904329.3004
3434.9 4.3.075367.002 3504.3 1.90904393003 3334.3 54.680.339003 34004.3 l.69os709 004[ I3497.0 4.291143.0002 3507.0 1.2.9249427003 3371.0 ,4.3066333003 3403.0 1.941293333004
3451.5 9.3019042.002 3907.3 3.94033743003 3397.3 4.3096294.003 3607.3 1.92390403004
436.10 9.32323340302 3409.0 1.49330003003 3339.*0 S4.3'l 994400 3 34,09.0 1 ,3.83434343004
3452.3 9.34340973002 3309.9 1.59009913003 3339.3 5.68354670000 3409.3 l.?4301643004
1499.0 .472321033002 3-309.0 2.014333000-O3 3S39.0 4.22397333003 3040.0 1.93)93343004
3459.S 3.4439330?082 0309.3 1.07626303203 3539.9 4.243652.8003 3409.3 1.70297393004L I3440.0 3.133192743002 3330.0 2.13724113 003 M343.0 4.302339430003 3040.0 2.0470034.004

3440.9 S.15925521002 3320.9 2.37809334003 3940.9 4.3954516.001 3641.S I M2.04084304

3441.0 9.43349443002 3311.0 1.83832S2.003 3341.0 S.99610942003 3433.0 1.83391439004
3441.3 S.19368274002 3%32.S 2.22421373003 3W14.5 4.0234433.003 3431.S 2.1496329+004
3442.0 9.22339444002 3312.0 2.2492033s003 3342.0 6.905693+M00 3402.0 2.8479S34.004

3442.9 3.9S343980300 312.3 2.90942143.003 3942.9 4.44393993003 3612.3 2.0203917s3004
3443.0 5.21443207002 3513.0 .2.781493.093 3343.0 4.74324031303 3413.0 2.62093443004L I 443.3 4.24349943002 3313.3 1.909,7433.00) 3343.3 6.1430992S003 3423.9 2.2639340.004
3448.0 4.34294356302 3340.0 2.29570100003 3344.0 4.I923710.009 3404.0 1.8906344.004
34448.5 5.39046913002 ISMS. 1.30420143003 3344.9 6,6.031240+03 3404.3 2.92790193004

3449.0 14.43489233002 3333.0 2. 333344901033.3 3111 ' .34003423003 349.0 2.33973934.004
1459.4 5.4b)99363002 3919.3 2.30662990003 3349.0 7.33039099303 343.3 2.37547333004

3444.0 4.32031943002 3524.0 2.12421M.003 3344.3 7.3423366%003 3434.0 2.39910836004,
3460.3 4.61340127002 3314.9 2.130394.0003 3344.9 7.19443739003 3434.S 2.09606430034

3440.0 0.36s402443002 3313.0 l.329021 3s00) 3%42.0 9.1443313003o 0413.0 2.44123933304L I043.3:' 4:.929303300.O 3317.9 2.31623,10':003 3347.3 9.,1846393 :03003 3422.9 0.1449344230044
3449 , .939329002 3316.0 2:' .3737900 39461.0 6 .67 429303 34k29.0 2.1043030.304

)449.3 S.0943501.002 3319.3124192 :3003 3%41.5 9.46134774 003: 34129.3 244 300'
3463.0 7.04*72930900 13:20. .37 30)1 3320.0 2.4 60430 9420.0 2..43019323 03L I 3~~~470.:3 67.30049 0.2 3903 2.42634300 3903 026693S49-001 340. 0. .64004

3631.0ýO o.z49002 3330 2.2904033320O6134.001 34230 N.44214.034
3422. ::'17423 3922.0 2.29220303.003 3:72. 1.08632 3420 0.29034.3

)447.S 3.091449S+020 3320.3 2.0. 204433003 9372.3 1.0571030.003 3642.9 2.33339193.094

3365.0 7.203983l000 393. 2.41349423003 3123.0 3.1030142.003 3429.3 2.3$907993004
1463.3 7.24643220002 392.3 . 0404633003 3373.9 113019093001 3623.3 1 2.04362204

9474.0 7.294303,002oo 3934.0 2.32102683003 3%74.0 ?.5602$56.003 342.0 2.309106.0034[ U3474.5 6.6141179.002 3924.9 2.93999330003 3574.3 3.02393933.004 3424.A 2.4149919-004
3469.3 3.44293.076- 2 3923.0 2.03424033003 3373.0 S.00342933004 3403.0 0.36493399s04

3463.3 6.9279677.000 42. 0.9330S43003 3970.3 .1. 303 1.00034 3423.3 2.4909 6102304
3464.0 74813 (032... 23.04 69437003 3334.0 3.033293.004 9424.0o '.92484.0 340
1468.9 1.02037633302 3324.3 2.16901019003 3374.3 0.294320.1009 3 42. $.9 0 00603

3.469.0 3.79901333000 33M 99.0 2.0934343.003 3%97.0 t.04134170003 3427.9 2.56M464.0034[ I3469.S 7.06164.49007 3327. 3.12394333303 3307.3 3.533932439041 9402.9 2.02219163004

3439.0 3.?93 i0703300 3128.0 3.30379433003 3376.0 90462411,9003 3602.0 3.07393903004
3476. 7.9702160-0 099. 3.4484990900 3376. 3.0404493,304 3420.3 2.1134%b43004,
IOLA. 1.12939003.00, 32. 9.43W6039303 3979.0 1.9154499030A 3429.0 1.10632669904
3479.9 8.00430343002 399. .49490490103 )%?1.$ 1.0499630.00) 9403.9 .27364333004

14120 Ml 2.52010S00 -2 5 ?20 1020404 1.0

1424 111640 115 1.164.0II S 10700.0 6Z$ 2836104



Table 5-8

0.6 . 1 0 00,0 1 0 3090 3.260. 3 .30 7. 1 3 1

p
0

... to.0 301 100 .3 .3 0(0.11.0 3.003 IO .1.03 .100 ca-).0 .100

* 1.0 * 0 0 *3' 0. * 4.0~ 0

30.'') ) 10.03 .00 130 (0.' (.1"-.) 30 .100 1. ' 3.t....) .300 .300 NA- olro) L00 .3100 1..) 3030000 .300 .300

3$403.0 2.300 4.0 9.3 30.0 2.03404 70.2 70.0 340.0 2.1116.1 S00 0. 000 2770 4. 4. 013 3733 i,, 0.

140.0. 3.02300 90.4 40.7 3S..0 0.4000 00.3.3 3. 149. .08418 006 0.3 93. 0 3 .070 04.0 00.4 ::3':.0 3 *.709 0.0. 0.3.'
313. 2034 4.3 401 3404S.0 2.00040 03.4 0. 79.0 .740 70 0.2 030 2701 0.0 00 33.0 .0907 F 4, 0t14.0

349.0 .304 4. 93.9 0400.0 3.00379 4. 473 090 3.40 0 0.0 0.3 310'.0 2.76004 97.0I 0.0 30001.0 3.7003 1 0.7 00.1

191. 2~'0 9.0 9.4 197. .03* 4. 4.01.0 0.06 3.7"0 90.7. 00.3 1034.0 3.03 0. 4.0 1043.0 3.1.7000 90.2 04.3
330.2. 2.02a34 $I1 3. 30. .6974.? 9S. -I. .4 7.9 4 ~ 70 4341.21 0.6.7000 9. 070 34. 2.7 4.0 4.

140. .03 4 2 0.0 0407.0 3.00330 474 40. So0. .00 34 0. 0'. .444 0 30 33. .07 04 0.

3403.9 2.02134 00.0 07.0 3400.0 2.80033 40.7 40.3 73. .00 77 0. 000 3740 7. 31 30. .09 00 0.

I40. 3.I33 010 0.Z400 2.0 0 0. 30 34.0 2.7109 904.0 00.3 3030. 20.7"40.902 30. 0.741110 90.0 4. 7

341. 3900 7.9 9.1 106409 2 303 0. 00 39. .00 377.003 7037. 7900 0.S 02.0 003.2. .03 00 0.

1400.0a 2.20 01 0. 000 2032 0.4 6. 000 3003 0. 903.0 0 2.039 44.1 43.7 162.0 2.707 34 0.

3400.0 2.0)900 00.9 00.7 340.6 0.004 00.0; 00..0 31190.0 0.70300 77.7 17.0 1037.0 2.70341 43.3 4U0*0.0. . 0.03 01. 4 q0.2

1544.0 2.03200 07.7 70.3 3103. 2.03 0. 31 1440 370 30 43 30.0 0.70339 0.0 S7.1 1000.0 2.009 0. 0.

3102 2.03033 09.7 40.4 5170.. 2.749001 44.3 70 34. 31. . 707 07.0 7. '73. I.00 07. 03.3 3000.3 . 70 02 7.
3400 2007 9. 32 30. .43 43 4. 400 3700 0. 43'30.4 1.03 44.0 43.9. 000 2714 40 7.

310.0 .0330 0. 434 173. 07900 0.3 3. 04 7. 3.09 0.0 4.9 403.0. 3.00330 1'09. 04.4 3001.0 3.7030 1. 0.

0400 2.30, 903 9. 14701.4 0.7399 42.4 943.2 19. 3.70 4.00.0 32. M.7IA 03.3: 70.3 0000.0. 2.119 03.0 40.0

144.3 3.000 4.0 0. 370. 20909 3. IS.0 1497.2 3. 3 03.0 "40202.3 2.00 032a.s003 3.04 00 4.

3 4 143. 1 . 3 3 9 2 .0 92. : M 2 14. 2 . 7 4 0 2 0 3 2 3 3 . 3 9 . .7 40.0 9 0.3 .,2 30 0. 0 3 0 4 .0 0 0 '.4 4 0 0 7.0, 2. 4 3 3 0 0 .

313. 2.9011S 040 4.M34.S.40 3. 12 04.0 2 .7t000 040 0.4 32.46044 04.0 71. 0 F0. 20.7030 0.3 3.

3442.0 2.111106 9. 0.0 40.4 Sr. 0.09@33 42.0 1 . 0000.0 2.07707 33.0 60.4 300. .740 0. 4. 00. .0 3 3.0 2.

3942. : .30 20 0. 400 2744 931 9. 000 2703 0. 202 3020.0o 2.0440 00.3 70. 0000. 3 .00 20. 30.

0443.0 :.bas43 00.0 91.3 1970.0 0.04400 90.3 92.0 103. 200 70.0 03.0 W604.. 2.0400 00.3 00.3z 1009.0 2.70000 30.4 0.0.
3332 .340 090 040 3402I.T4S4044.0 1003.2 3..... 000 0. 042 0040 30 7. 09. .0 00 7.

091.0: 0.32 63: 04.0 347. as.700 9. 9 9. S030 2700 034 0. 040 .43 33 0.0 040 3703 30 0.091. .344 03 0. 40. 3747 9. 3. 02.0 2.01 06 0. 040 2700 7. 33 60, .6100 340 I.

3443.0 2...30 07.2 0.4 470 2743 4. 93 30. 27.4 0. 04 12. .40 0, 03 6.. .60 07 1.

440. 0030 0.0 900 340. 3700 4.0 4.0 303. .000 0. 0.7 4000 .77f 3. 0.S3400 .940 0. 2.
3 40. 6. 9 So. I3.2 040.2 ;.0970 0090: 1.7 0023 .76 0.3 00.3 003 3003 0. 00 39. .04 40 2.

3430.0 T.030 920 4. 990 .44 0 4.0.00. I.70', 0.0 00.0 000 0 94 06 0.0 34. .00 40 2.
1390.0 .32 0 90.2 930 37. .93 9. 70 00. .907 670 0. 000 2790 07 0.S00. .0 00 3.

340. Z.0130. 94.1 03 37. .746 93.9 93. 3002. 2.7040 00. 411.. 000 0709 0. 60 30. .0 30 0.

344..0 0.03390 44.0 44.1 34"9 .400 6.29.003.1 .00 64 0. 02. .40 04 4. 04. .39 40 0.

3440.3 0.0394 90. 907 30.12000 0.0 ON,0 002 0300 6. 09 03. 2.4030 30.41 111 . 0 3092. 3.73030 00.4 47.3

09400 30330 9.0 4.0 340.0 .7492 3.4 42. 004.0 1.6023 41.7 40.0 304.61 744.0 0. 00.0 609.0 . 030 00 0

3470 2.11M& 4. 9. 30. 3.790 S 0. 46. 10004.0 t.706 p 0S10A.0 0.7 6036.0 3.04000 66. a p9, 3 09. 1.0 6 09.0 0.
3400 2.03030 94.0 94.0 363. N.030 9. 920 00. 3.70 030 7. 3000 2700 0. 2.3 600 0.06 .9 0.

3440. 3.30144 9. 920 0730 9. 74 60000 0004.0 0 00.0 601.0 046 14 4 1.114b7 43. 0. 0 04 .0 ..... 003.0.
044..0 0.3 99. 90.4 0400.0 0.7633 90.0 9.1. 400 3000 0.7 0. 000 0700 39 4. 009 .00 43 0.

6444.0Mo. 1.004 9. 2. 40. .760 09.0 09.4 3000.0 2.00 24 6. 00. .4 000.4 0004. I.700 4. 9.
34040 00390 .40 6.9 4000 0.490 600 090 300. 3.0390 00. 000 603.. 0.0003 77.6 07. 344.0 3.0646 9.4 osS
34440 16344 6.0 0.3 090.0 00463 0.0 0.7 000.0 .7000 0.0 2.0 003.0 .04*0 4.4 6.6 709.0.6030009.001.

6 9 0 0 . 3 6 9 0 .0 0 . 3 0 . 0 0 0 3 9 0 0 . 0 0 0 . 7 0 2 0 .0 0 . 3 6 .6 0 7 0 0 0 6 9 ' 0 0 0 . 69:6. 2 0 .
340. .003 07 04 40. .040 0. 0. 00. 0000 0.$0. 06. 304360. 7.:64.2 006:,2.10.

6400..0 Z.8%07 00.4 IS.9 340 ..0 1.12. 40 9.3 04 33. 0 S.t..0 t .o 4. 030 0003 9. 00 44. 1.7-11 07:.0 0.040. 34443 0.6 060 40. 07003 064 03 00.0 3.730 40464.233.0S .30 4 33 0. 0400 .600 0. 6,
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SECTION 6

SAMPLES WITH LARGE ABSORBER THICKNESS AND LOW PRESSURE

6.1 DISCUSSION

The spectra discussed in this section were selected to show the maximum
structure and to provide data from which half-widths of many of the lines
can bo determined. After the line strengths have been determined, the
half-widths can be found from the iý;egrated absorptance by the use of
the well-known Ladenberg and ReicheLO function which has been tabulated
by Kaplan and Eggers.17

The samples were chosen with Pe sufficiently low that the integrated
absorptance of the stronger lines was highly pressure dependent, yet high
enough that Doppler broadening could be neglected. Of course, the half-
widths must be determined from samples in which the integrated absorptance
is dependent on pressure. Approximate values of the strengths of some
of the weaker lines can be found from the results of Samples 39 and 41,
whose equivalent pressures are approximately I atm. The sample parameters

are listed in Table 6-1.

Several H20 and HDO lines which can be seen below 2900 cm'1 in the spectra
of Samples 40 and 41 have not been observed in solar spectra because of
overlapping CH, lines. The most important HDO lines have been observed
and identified by Benedict, Gailar and Plyler; 7 and some which are not
hidden in solar spectra have been identified by Migeotte et al. 6

Several of the lines used for calibration are indicated in the spectra
of Samples 37, 38 and 40. Every tenth line has been numbered, and lines
whose numbers end in 5 have been indicated with an "x." Wavenumbers of
these lines are given in Table 2-2.

U



The results for v < 3000 cm" 1 are considerably less accurate than those
for higher wavenumbers because of the uncertainty in placing the zero
absorptance (background) curves on the spectra. In this region the
recorder deflection was low and there were no tie-points nearby. Further-
more, there was some unexplained variation in zero-absorptance curves
from one day to another. We did not determine the cause of this unusual
variation, but it may have been a varying film of oil or other substance
on some of the optical components. In order to reduce the spectra, an
estimated zero absorptance curve was obtained by joining several of the
absorptance minima of Sample 40 by a smooth curve. A curve having the
same shape was then drawn on the spectrum of Sample 41 with the height
adjusted to give a "reasonable" absorptance near the absorptance minima.

6-2
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6.2 RESULTSI

TABLE 6-1.

T ESAMPLE PARAMETERS

Sam. p P P p P P Lu
No. e e Path2

torrt ori7 tort atm atm arm m gm/cm2

I37 5.6 230 252 0.00737 0.303 0.332 32.9 0.0180

38 4.15 134 151 0.00546 0.176 0.199 4.16 0.00169

I 39 7.35 723 752 0.00967 0.951 0.989 121 0.0867

40 15.3 152 213 0.0201 0.200 0.280 933 1.39

! 41 15.2 681 742 0.0200 0.896 0.976 933 1.38

Spectral Region to which Transmittance and

Sam. Integral Tables Are Shown
No. Table Table Table

6-2. 6-3 6-4. 6-5 6-61 6-7
cm-L cm"L cm-1

37 2938-3464

38 3464-3810 3810-4049

39 2929-3464 3464-3810 3810-4258

3 40 2808-3464 3810-4365

41 2808-3460 3810-4365

P -e P * 4p in accordance with Equation (3-8) and the results in

Section 3. All samples were at room temperature, 29601K.

I
I
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